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ABSTRACT 
A sensitive, efficient one-step method to separate and define the individual 
structures of the components in complex mixtures of polar lipids, based on 
gradient reversed phase high performance liquid chromatography coupled to 
electrospray ionization (ESI) mass spectrometry (MS), was developed. This on-
line system was applied to both standards and biological samples, including the 
polar lipids that are apparently tightly bound and therefore extracted with the 
prion protein. The system generated highly resolved spectra and enabled 
definitive lipid characterization by ESI-MS/MS. Coupling thin-layer 
chromatography (TLC) with ESI-MS allowed the acquisition of high resolution 
mass spectra of acidic glycosphingolipids with high sensitivity and mass 
accuracy, without the loss of sialic acid residues that frequently occurs during 
low-pressure matrix-assisted laser desorption/ionization MS. Based on 
observations of oxidation under ambient conditions made during development of 
vi 
the on-line TLC-ESI-MS method, a simple approach was established to elucidate 
carbon-carbon double bond positions in unsaturated lipids. Lipids were deposited 
onto various surfaces and the products resulting from their oxidation under 
standard laboratory conditions were observed by unmodified ESI-MS. It is shown 
that singlet oxygen acts in parallel with ozone to carry out the oxidation of 
unsaturated lipids. Direct sampling by TLC-ESI-MS provided a powerful 
approach to elucidate detailed structural information for biological samples; e.g., 
for a bovine brain total lipid extract, it was possible to distinguish among the 
isomers of phosphatidylserine and N,N-dimethyl phosphatidylethanolamine 
based on their double bond positions. A modified sulfatide extraction method 
and workflow were designed, using nanoESI in combination with tandem MS 
methods performed on the L TQ-Orbitrap TM MS, and were employed for 
identification and comprehensive structural characterization of sulfatides. In 
addition to 20 sulfatides, more than 100 other lipids were identified in a human 
milk fraction that showed activity against the human immunodeficiency virus and 
is thus of interest in the search for agents to protect infants and 
immunocompromised individuals. In summary, the research on the analysis of 
polar lipids presented here demonstrates several very effective new methods that 
facilitated chromatographic separation, improved the effectiveness of on-line MS 
characterization, and provide a new tool for locating sites of unsaturation in 
biological lipids. 
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Chapter 1 
Introduction 
1.1 Overview of Polar Lipids 
Lipids, like other small molecules, are not genetically encoded, but 
produced and metabolized by enzymes that are influenced by the biological 
environment. There is an . increasing awareness and interest in the critical 
importance of lipids in all aspects of life sciences. Polar lipids are amphipathic 
molecules that participate in signal transduction, proliferation, apoptosis and 
membrane trafficking in the cell. They are highly complex and diverse owing to 
the various combinations of polar head groups, backbone structures and fatty 
acyl chains. The detailed structures relate to the lipids' specific biological, 
physical or pathological traits. Therefore, understanding the roles of polar lipids in 
biological systems requires their in-depth analysis. 
Glycosphingolipids (GSLs) and phospholipids are two major classes of 
polar lipids. Their structural diversity continues to bring forward a challenge for 
lipid analysis. This chapter provides the background knowledge of linkages in the 
structures of polar lipids and their biological functions, the current state of the art 
in lipidomics studies, and the latest technological developments in 
chromatography and mass spectrometry, and also discusses the challenges in 
this field . 
1 
1.1.1 Structures and Biological Functions of Glycosphingolipids 
Since GSLs were discovered more than 100 years ago, knowledge of their 
functions has been expanded from a biochemical character of the nervous 
system to a key lipid of the plasma membrane involved in proliferation, infectious 
diseases, lysosomal degradation disorder pathologies, neurodegenerative 
diseases, multiple sclerosis, cancer, and diabetes. 1-3 GSLs are characterized by 
a mono- or oligosaccharide attached directly to a ceramide (Cer) unit. 
The ceramide is composed of a sphingoid base backbone, which is 
usually sphingosine (So), sphinganine (Sa), and phytosphingosine in mammals, 
an amide-linked fatty acyl chain (typically 16-26 carbons) and a simple hydrogen 
that is covalently attached to the primary hydroxyl group.4 The bases are 
abbreviated by defining (in order of appearance) the number of hydroxyl groups 
(d for di- and t for tri-hydroxyl), the number of carbons in the chain, and the 
degree of unsaturation. Heterogeneity in sphingolipid structures is determined by 
variety in the fatty acyl chain length, number of double bonds, hydroxylation, 
methyl branches at w-1 (iso), w-2 (anti-iso) and other positions and the 
position(s) of double bond(s) in the fatty acyl moiety.5 Ceramides and GSLs are 
present at high concentrations in cell membranes as essential structural 
components of the lipid bilayer. In addition, they are bioactive signaling 
molecules that respond to the great majority of stress stimuli, such as heat, 
2 
chemotherapeutic agents, ultraviolet irradiation, oxidative stress and 
inflammatory mediators.6 
Based on the sequences of the core carbohydrate residues, GSLs are 
classified into glc- (Gicl31-), gal- (Gall31-), lac- (Gaii31-4Gicl31), gala- (Gala1-
4Gall31-) , ganglia- (NeuAca2-3Gaii31-4Gicl31-), lacto- (Gaii31-3GicNAci31-
3Gaii31-4Gicl31-), neolacto- (Gaii31-4GicNAc131- 3Gaii31-4Gicl31-), globo- (Gala1-
4Gaii31-4Gicl31-) series, etc. It should be noted that all the root molecules contain 
a ,8-glycosidic linkage to Cer. Neutral GSLs are classified based on the number 
of glycosyl units, for instance, monoglycosylceramides (cerebrosides) and 
oligoglycosylceramides. Sulfatides (STs), phosphosphingolipids, and 
gangliosides are acidic GSLs. 
The complex oligosaccharide moiety of the GSL is often related to 
particular cell types; it mediates interactions with complementary ligands, for 
instance, extracellular matrix proteins and receptors7. For instance, Gai-Cer is 
concentrated in neuronal tissues, because the ceramide galactosyltransferase 
that synthesize Gai-Cer preferentially selects the hydroxy fatty acids that are very 
common in the brain. GSLs locate to the outer leaflet of most cell membranes. 
The ratio of GSLs to the other major membrane lipids, e.g., phospholipids (PL), 
cholesterol, and glycerolipids, varies over a wide range, for instance, from <5% 
(in erythrocytes) to 30% (in neuronal plasma membranes).8 Animal studies have 
shown that loss of a GSL species may cause the increase of other GSL species 
from alternate biosynthetic branches.9· 10 
3 
Sulfa tides 
ST is 3-0-sulfogalactosylceramide that is synthesized from ceramide by 
two enzymes, which are ceramide galactosyltansferase and cerebroside 
sulfotransferase, and is degraded specifically by arylsulfatase A. It was the first 
sulfoglycolipid that was isolated from the human brain. 11 The synthesis of ST 
starts at the endoplasmic reticulum (ER) by generation of the galactosylceramide 
(GaiGer) via the addition of galactose from uridine diphosphate (UDP)-galactose 
to a ceramide, catalyzed by the UDP-galactose:ceramide galactosyltransferase. 12 
In the Golgi apparatus, to which the galactosylceramide is then transported, the 
galactose residue undergoes 3-0-sulfation through the action of cerebroside 
sulfotransferase on 3'-phosphoadenosine-5'-phosphosulfate, and this step 
completes the synthesis of ST. 13• 14 STs play essential roles in various biological 
process and disease pathogenesis. Abnormal expression levels of STare related 
to neurological diseases including: metachromatic leukodystrophy, 15 Alzheimer 
disease, 16 Parkinson disease. 17 STs are also involved in pathogenesis in the 
immune system, the islet of Langerhans, kidney, hemostasis/thrombosis and 
cancer. 18 
4 
Figure 1.1 Structure of the sulfatide (d18:1/C24:0). Both the sphingoid 
backbone and the amide-linked fatty acyl carbon chains can vary. 
The major STs contain the 4-sphingenine (d18:1) backbone with an 
amide-linked fatty acyl group, the most common being derived from C24:0, 
C24:1, and C22 hydroxy fatty acids (h22:0), h23:0, h24:0, and h24:1 (Figure 1.1 ). 
Ceramide moieties of the minor STs possess the d18:1 backbone with fatty acyl 
groups C16:0, h16:0, C18:0, h18:0, C20:0, C21:0, C22:0, C22:1 , h21:0, C23:0, 
C26:0, and C26: 1, as well as phytosphingosine (t18:0) with fatty acyl substituents 
h20:0 and h24:0. 18 STs are found mainly in the Golgi apparatus, 13 cell 
membrane, and lysosomes in the cytosol. 19 STs are localized in various tissues, 
such as brain, kidney, gastrointestinal tract, islet of Langerhans. They are 
expressed in many human cancer cell lines and tissues, for instance, ovarian 
cancer tissues,20• 21 renal carcinoma tissues,22 colorectal cancer tissues,23 and 
renal carcinoma cell lines (SMKT-R3 cellline). 24• 25 
Gangliosides 
The name ganglioside was first used in 1942 to designate lipids that were 
carbohydrate-rich and had been newly isolated from ganglion cells of the brain.26 
5 
Gangliosides consist of a family of sialic acid-containing GSLs. N-acetyl 
neuraminic acid (NeuAc), the most common, and N-glycolyl neuraminic acid 
(Neu5Gc) are the major sialic acids. They covalently bind to the main body of the 
glycolipid through an a2-3 or a2-6 glycosidic linkage. If the attachment is 
between two sialic acid residues, an a2-8 glycosidic linkage is expected. 
Gangliosides are defined by a nomenclature system, in which M, D, T, Q, and P 
refer to mono-, di-, tri-, tetra-, and penta-sialogangliosides, respectively, and the 
Arabic numbers indicate the number of glycan residues that are missing from the 
reference structure; it also corresponds to the order of migration of the 
gangliosides during thin-layer chromatography (TLC), from bottom to top. 27 To 
indicate the further detailed structure variations, terms are used as GD1 a, GD1 b, 
etc., with the letters (a,b,c) indicating the number of sialic acid residues attached 
to the inner Gal (Figure 1.2) 
6 
Cer. 
GM2 
Cer~ 
GM1 
/3-D-G/c 
0 /3-D-Gal 
0 /3-D-Ga/NAc 
• /3-D-Sia 
CerT 
GD2 
Cer~ c.,  
GD1a GT1a 
GD1b GT1b 
GT1c 
Figure 1.2 Structures of some gangliosides used in this study. 
Throughout this thesis, Sia is used to indicate N-acetyl neuramic acid. 
Gangliosides are primarily synthesized in the ER and further modified in 
the Golgi apparatus by sequential addition of a series of monosaccharides,28 
catalyzed by a series of glycosyltransferases. Most gangliosides are derived from 
lactosylceramide (LacCer), except for GM4, which is from GaiGer. GM3, which is 
a simple ganglioside, is synthesized by adding a sialic acid to LacCer by LacCer 
CMP-sialic acid: a2-3 sialyltransferase. Following that, series of gangliosides are 
7 
synthesized by other N-acetylgalactosaminyltransferases, sialyltransferases, 
galactosyltransferases. Figure 1.3 shows the detailed biosynthesis of different 
gangliosides. 
G/c-T Gal-T1 Sial-T1 Sial-T2 Siai-T3 
Cer ) Glc-Cer ~ Lac-Cer ~ GM3 ~ GD3 ~ GT3 
GaiNAc-T ~ ~ ~ 
GM2 GD2 GT2 
Ga/-T2 ~ ~ ~ 
GM1 GD1b GT1c 
Sial-T4 ~ ~ ~ 
GD1a GT1b GQ1c 
Sial-T5 ~ ~ ~ 
GT1a GQ1b GP1c 
Series: "a" "b" "c" 
Figure 1.3 Biosynthesis of gangliosides. Synthesis of a-, b-, and c-
series gangliosides are shown. Glc-T, UDP-Gic: ceramide glucosyltransferase; 
Gai-T1, UDP-Gal: glucosylceramide galactosyltransferase; Siai-T1, CMP-NeuAc: 
lactosylceramide sialyltransferase; Siai-T2, CMP-NeuAc: GM3 sialyltransferase; 
Siai-T3, CMP-NeuAc: GD3 sialyltransferase; GaiNAc-T, UDP-GaiNAc: 
lactosylceramide/GM3/GD3/GT3 N-acetylgalactosaminyltransferase; Gai-T2, 
UDP-Gal: GA2/GM2/GD2/GT2 galactosyltransferase; Siai-T4, CMP-NeuAc: 
GA 1/GM1/GD1 b/GT1c sialyltransferase; Siai-T5, CMP-NeuAc: 
GM1b/GD1a/GT1b/GQ1c sialyltransferase (reproduced from reference29). 
The gangliosides participate in intermolecular interactions through their 
carbohydrate moieties that extend out from the cell surface and are involved in 
8 
cell-cell recognition and adhesion and signal transduction within specific cell 
surface microdomains. 30-32 It has been reported that GM3 is involved in the 
regulation of the Epidermal Growth Factor Receptor (EGFR). 33 This paper is 
considered the first report concerning the direct impact of GSLs on signaling 
proteins.34 GM1 has also been shown to participate in the regulation of other 
receptors: platelet-derived growth factor (PDGF) receptor35 and tropomyosin-
receptor-kinase (TRK)36 receptor. Ganglioside compositions and their 
organization in the cellular membranes are cell-type and animal-species specific. 
NeuGc is not synthesized by human cells, but is known to preferentially appear 
on cancer cells and from dietary sources; it is a component of gangliosides in 
most other mammals, including mice, horse, sheep, and the great apes. 37-39 By 
applying the association of the high heterogeneity and structural diversity of the 
gangliosides and the generation of certain cell surface patterns, cancer and other 
diseases such as Alzheimer disease, AIDS, may be able to be diagnosed .40• 41 
1.1.2 Classes of Phospholipids and Their Biological Functions 
Phospholipids (Pls, primarily glycerophospholipids) are essential 
components of lipoproteins, surfactants, and cell membranes. They consist of 
either ester (acyl), alkyl ether (alkyl) or vinyl ether (alk-1 '-enyl) substituents at sn-
1, fatty acyl substituents at sn-2, and a polar head group at the sn-3 position of 
glycerol (Figure 1.4). Phospholipid species are categorized according to their 
hydrophilic head groups. The amphipathic structural feature of phospholipids 
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provides the basis for the compartmentalization of the cells. By forming 
boundaries and barriers, phospholipid membranes keep their contents separated 
from each other and enable single compartments to maintain a unique biological 
signature. Thereby, chemical and electrical gradients are maintained to support 
the cell's survival. Beyond their role as building blocks of lipid bilayers, 
phospholipids are also active regulators of key physiological progress such as 
exocytosis, chemotaxis, and cytokinesis. 
Polar head group 
H PA 
Choline PC 
Ethanolamine PE 
R1: Serine PS 
Fatty ether Inositol PI 
Fatty vinyl ether Glycerol PG 
Fatty acyl 
R2: 
Fatty acyl 
Figure 1.4 Phospholipid structures. The abbreviations used throughout 
this study are indicated for each polar head group. 
The most common PL classes are: phosphatidic acid (PA) 
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine 
(PS), phosphatidylglycerol (PG), phosphatidylinositol (PI), PI monophosphate 
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(PIP), PI bisphosphate (PIP2), and PI trisphosphate (PIP3). One exception is 
sphingomyelin (SM), whose backbone is sphingosine rather than glycerol. The 
relative abundances of specific PL classes vary among organelles. 
The synthesis of Pls occurs mostly on the cytoplasmic leaflet of the ER 
and, to a lesser extent, in the Golgi complex or inside mitochondria. Most 
phospholipids contain a saturated fatty acyl chain at the sn-1 position on the 
glycerol backbone and an unsaturated fatty acyl chain at the sn-2 position.42 PA 
is a diacylglycerol (DAG) that is phosphorylated on the sn-3 position. It is the 
precursor of other PL classes. PA is synthesized from glycerol-3-phosphate by 
sequential acylation. After synthesis, it is either dephosphorylated into DAG that 
can be further synthesized into PC, PE, and triacylglycerol (TAG), or converted 
into cytidine diphosphate (CDP)-DAG followed by generation of PI, PG and 
cardiolipin.43 
PAs constitute only 1-2% of the total lipids in the cells.44 However, their 
large functional effects are not reflected by their low abundances. PAs carry 
negative-charges under physiological conditions. Due to its distinct shape and 
charge, a PA can induce membrane curvature45 and contribute to membrane 
ruffling and chemotaxis through interacting with the polybasic region of 
proteins.46 
Composing 45-55% of the total lipids, PCs usually are the most abundant 
Pls in eukaryotic cells.44 PC is a zwitterion, as it contains a quaternary amine 
carrying positive charge and a phosphate moiety with negative charge. PC is 
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found in most cell membranes, enriched in the outer leaflet of the plasma 
membrane, as compared with the inner leaflet.47 PCs can bind to lipid-transfer 
proteins in large numbers, and be exchanged for Pis. As a result, PCs can be 
considered as a membrane component that fills in defects made on the 
membrane when other Pls are removed or flipped.48• 49 In addition, PCs also 
serve as a substrate of phospholipases that generate signaling messengers such 
as DAG, lysoPC, and PA. 50• 51 
Similar to PCs, PEs constitute a sizable fraction (15-25%) of the cellular 
Pls,44 functioning mainly as a structural component of membranes, and are very 
prominent in the mitochondrial inner membrane.52 PEs are zwitterionic, since the 
head group consists of a primary amine and a phosphate moiety. The physiology 
of PEs is not clear and needs further study. No conserved PE binding domain 
has been identified, although a family of PE-binding proteins has been found. 53 
In mammalian cells, PS is synthesized under catalysis by the PS 
synthases (PPS2 or PPS1), by a calcium-dependent exchange reaction betwee"'! 
PE or PC and L-serine. 54 PS is a minor PL class, constituting 2-10% of the total 
cellular Pls44 . PS lipids play important roles both inside and outside of the cell. 
Under physiological conditions, they are restricted to the intracellular 
environment. During conditions involving apoptosis, or blood clotting because of 
injuries, the PS structures are presented on the extracellular surface of the 
plasma membrane through the action of a calcium-sensitive scramblase.55 PSs 
can be recognized by phagocytic receptors on the macrophages' surface and 
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other phagocytes. 56 In platelets, exofacial PSs activates clotting factors for 
thrombosis. 57 lntracellularly, PSs interact with proteins at the C2 domains58 or 
polybasic motifs of the proteins. 59 Moreover, they are postulated to participate in 
membrane fusion and fission .60• 61 
Pis are present in various organelles, and like the amino-phospholipids 
PEs, and PSs (but not PCs), they are abundant in the inner leaflet of the plasma 
membrane.47 They comprise a relatively large portion (10-15%) of the total 
cellular Pls.44 Phosphorylation can be found on positions 3, 4, and/or 5 of the 
inositol moiety, generating different polyphosphoinositides that are mediators of 
protein targeting and signaling transduction.62· 63 In addition, Pis produce the 
diverse glycosylphosphatidylinositols that link water-soluble proteins to the lipid 
bilayer64 and DAGs. 65• 66 
Previously, Pls were considered to be inert molecules that formed 
membranes in which proteins are embedded. It has now been realized that lipids, 
including Pls, are active in many aspects of membrane functions; however, 
much remains to be learned about the biological and physiological roles of lipids. 
Development of techniques to visualize, quantify and characterize individual 
lipids is thus necessary. Techniques developed in recent years for the study of 
lipids, including approaches based on chromatography and mass spectrometry, 
are reviewed in the following sections. 
1.2 Separation and Structural Analysis of Polar Lipids 
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Extracts of lipids from natural sources contain a large diversity of lipid 
classes and molecular species. The development of analytical methods such as 
chromatography and MS has greatly simplified the sample preparation and 
largely eliminated the need for derivatization. In this section, conventional 
methods and modern developments to improve the separation and structural 
analysis of polar lipids are reviewed. 
1.2.1 Separation of Polar Lipids 
Whereas complete analysis of the lipid extract is usually performed with 
the goal to characterize a biological system, analysis of partial lipid components 
may also be carried out for a specific purpose. 
Sample Preparation 
The first step of lipid analysis is usually solvent extraction; this is a 
sophisticated but widely neglected task. Though diverse solvents or solvent 
combinations can be used to extract lipids from biological tissues, it must be 
ensured that lipolytic and other enzymes are deactivated and that the recovery is 
complete. At every step of the analysis, the risk of hydrolysis of lipids or of 
oxidation of unsaturated lipids should be minimized. Extra care is required for the 
extraction of polar near-water-soluble lipids such as gangliosides or 
polyphosphatidylinositols. Generally, lipid extracts should be stored at the lowest 
available temperature (for free radical assay, store at -196 °C67), under protection 
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by an inert atmosphere, in an apolar soivent, in a glass container with a Teflon ™-
lined cap and in the presence of antioxidants. 58 
Many methods have been established to extract lipids from biological 
samples. Table 1.1 summarizes the most commonly used methods. The solvent 
mixture of chloroform and methanol in the ratio of 2:1 (v/v) has been accepted by 
most lipid analysts for decades. It extracts lipids more thoroughly from animal, 
plant or bacterial tissues than other simple solvent combinations; it has become 
the standard against which other methods are judged, since Folch, Lees and 
Stanley published their classic paper on the subject in 1957.69 When organic 
solvents are used to extract lipids from tissues, they tend to co-extract 
considerable amounts of non-lipid contaminants, such as amino acids, 
carbohydrates, urea and even some salts. Procedures have thus been 
developed to eliminate these contaminants, ideally without losing lipids. A 
common method is addition of an aqueous solvent such as water, or better a 
dilute aqueous salt solution (e.g. 0.88% potassium chloride), followed by liquid-
liquid extraction, as described by Folch.69 The solvents then are separated into 
two phases: the lower phase consisting of chloroform/methanol/water in the ratio 
86:14:1 (v/v/v) and the upper phase in which the proportions of 
chloroform/methanol/water are 3:48:47 (v/v/v). This strategy will remove most of 
the contaminants. However, many gangliosides may be present in the upper 
layer, whereas most of the other lipids will be in the lower more organic phase. 
The extraction of minor components should be rather specialized; as a result, 
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more procedures are required to serve specific purposes. Gangliosides can be 
recovered by C18 column in 50% methanol.70 
Table 1.1 Established liquid extraction methods for lipids from 
biological samples. 
Solvent System 
Chloroform/Methanol (2: 1, v/v)69 
Chloroform/Methanol (1 :1, v/v)71 
Hexane/Isopropyl alcohol (3:2, v/v)72 
Chloroform/Methanol/ 12 N 
Hydrogen Chloride (2:4:0.1, v/v/v)73 
Chloroform/Isopropyl alcohol 
(7:11, vtvl4 
Thin-Laver Chromatography 
Extraction for 
General lipids from animals, plants, 
and bacteria 
Lipids from water-rich systems, 
especially body fluids 
Minimized concentration of 
non-lipid contaminants 
Acidic Pls, especially for Pis 
Erythrocytes with high lipid component 
TLC is a simple and inexpensive method for separation, monitoring 
purification and reaction progress and structural analysis. 75 The TLC plate has a 
base of a sheet of glass, plastic, or aluminium foil, which is coated with a thin 
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layer of adsorbent material, usually silica gel or aluminium oxide. This layer of 
adsorbent is called the "stationary phase". The solvent or solvent mixture, drawn 
up the plate via capillary action, is called the "mobile phase". The separation is 
measured by the retention factor (Rf) that is the ratio of the distance the analyte 
moved above the origin to the distance the solvent front moved above the origin. 
The principle of TLC, as for any other chromatography technology, is based on 
the competition of the analyte and the mobile phase for binding places on the 
stationary phase. For instance, if the stationary phase of the TLC plate is silica 
gel, that is considered normal phase and polar. Given two compounds that have 
different polarity, the compound that is more polar has a stronger interaction with 
silica gel and therefore moves more slowly than the less polar compound 
(resulting in a smaller Rf value). High-performance TLC (HP-TLC) that offers 
superior resolving power and shorter migration distance and analysis time, is 
often employed in lipid studies, since it has a smaller particle size and thinner 
layer of the stationary phase (1 00 1Jm).76· 77 
Due to the amphiphilic property of the polar lipids, TLC is an indispensable 
tool for class fractionation, partial characterization, and preparative separation. 
The choice of developing solvent is highly dependent on the nature of the 
analytes' head groups. For instance, less polar GSLs with smaller head groups 
are resolved better in lower polarity solvents, and vice versa. The most frequently 
used solvent systems are composed of chloroform, methanol and water or 
aqueous salt. For instance, For instance, neutral GSLs are separated 
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reproducibly by use of a developing solvent mixture of chloroform/methanol/water 
(120:70:17, v/v/v)78 and gangliosides in chloroform/methanol/20 mM aqueous 
CaCI2 (120:85:20, v/v/v)?9 TLC may be performed in the presence of special 
additives such as boric acid80 or silver nitrate81 for certain separation purposes. 
Another major advantage of TLC is that the separation can be easily 
visualized by binding to a dye. Diverse reagents are available. They can be 
assorted into two categories: non-destructive and destructive. One of the most 
frequently used staining methods is exposure of the developed TLC plate to 
iodine vapors, generating a non-covalent, brown complex with lipids.82 However, 
completely saturated lipids are only minimally stained . Staining with primuline, 
another non-destructive non-specific staining reagent for lipids, provides yellow 
spots, if the TLC plate is illuminated with . ultraviolet light (340 nm).83 Orcinol (3 ,5-
dihydroxytoluene) mixed with concentrated sulfuric acid, which is a destructive 
visualizing reagent, is used to detect glycolipids with a detection limit of about 
500 pmole of sugar, and generates pink or purple spots.84 The resorcinol-
hydrochloric acid reagent specifically reacts with sialic acid and is used 
exclusively for staining of gangliosides.85 This is also a destructive method. The 
plates stained with destructive reagents cannot be used for TLC-mass 
spectrometry analysis. 
TLC overlay techniques consist of two basic steps: TLC separation and 
detection of the GSLs in situ with specific ligands. 78· 86-88 This procedure allows 
investigation of ligand-separated GSLs binding by using carbohydrate-specific 
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antibodies, bacterial toxins, bacteria and viruses; it is rapid and sensitive (ng of 
GSLs). However, the background sometimes brings a problem due to the non-
specific binding. Two-dimensional TLC is also available for further fractionation. 89· 
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High-Performance Liquid Chromatography in Lipidomics 
High-performance liquid chromatography (HPLC) is an analytical 
technique for complex mixture separation. The separation of the analytes is 
based on the difference in interaction of the compounds with the stationary phase 
and the mobile phase. Among the diverse HPLC types, both normal phase HPLC 
(NP-HPLC) and reversed phase HPLC (RP-HPLC) are frequently employed in 
lipidomics. 
NP-HPLC separates analytes according to their ability to interact with a 
polar stationary phase. The more polar compound tends to have longer retention 
time, due to the stronger interaction with the stationary phase. NP-HPLC usually 
requires long equilibration times and yields only poor resolution, thus it is used 
mainly for lipid class separations. The separation of phospholipid classes by NP-
HPLC has found numerous applications. 91 · 92 However, due to NP-HPLC's poor 
reproducibility of retention times, it gave way to RP-HPLC for biomolecular 
analysis. However, recently a variation of NP-HPLC, hydrophilic interaction liquid 
chromatography (HILIC) which overcomes this problem, has attracted attention.93 
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A zwitterionic stationary phase has recently been utilized to give effective 
separations of a wide range of phospholipid classes. 94 
In contrast to NP-HPLC, RP-HPLC uses a non-polar stationary phase and 
polar mobile phase. The most frequently utilized stationary phase in RP-HPLC is 
silica covalently bonded to straight chain alkyl groups.95 The interaction between 
the analyte and column resin is based on the hydrophobic-hydrophobic 
association. The factors that affect the retention time of the analytes include 
column and particle size, stationary phase chemistry, column temperature, 
solvent composition and gradient, mobile phase pH, solvent additive, and flow 
rate. 
Lipidomic analyses have employed both C18 and C8 (silica linked with 
alkyl chains of eighteen and eight carbons respectively) reversed phase 
columns.96· 97 RP-HPLC methods are usually developed for separation of the 
lipids within one class. For instance, PC with different fatty acyl chain residues 
were separated based on their chain length and number of double bonds98. 
Similar results were obtained for GSL studies.99• 100 
Two-dimensional HPLC offers the opportunity to separate complex 
lipidomic mixtures according two molecular properties, e.g., the polarity of the 
hydrophilic head group or the hydrophobic carbon chains (NP- or RP-HPLC 
respectively) and electrostatic forces related to the compound polarity (HILIC).101 -
103 
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1.2.2 Mass Spectrometry and Its Applications to Research on Polar Lipids 
Mass Spectrometry (MS) analysis is based on measurement of the mass-
to-charge ratio (m/z) of charged molecules. The mass spectrometer includes 
three essential parts: an ion source that converts the analytes into ions; a mass 
analyzer that sorts ions according to their m/z value; and a detector that 
measures the signals from the ions. 
Ionization Modes 
Electron ionization (EI), the most widely-employed ionization method for 
gases and volatile organic molecules, was first introduced in 1918.104 It is an 
ionization method in which energetic electrons interact with gas phase analytes 
to generate ions. Another ionization technique that was quite common until the 
early 1980s was chemical ionization (CI) that ionize the molecules with the 
reagent gas plasma. 105 El is still widely used for the analysis of small molecules 
in GC/MS. In addition, El is a reliable way to fragment long chain lipids. The fast 
atom bombardment (FAB) technique resulted in a much softer ionization, that 
produced a long-lived stable signal very amenable to tandem mass spectrometry 
experiments, thus allowing description on the structures of molecular species, the 
composition of fatty acyl groups, and localization of the fatty acid position in the 
glycerol backbone etc. 106 In FAB MS, the analyte is mixed with a non-volatile 
matrix and is bombarded under vacuum with a high energy (usually 4000 to 
10,000 eV) beam of atoms that are typically from an inert gas such as argon or 
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xenon. Similar results can be achieved more conveniently with a keV ion beam, 
such as Cs+, in which case the method is termed "liquid secondary ion mass 
spectrometry," (LSIMS). The most frequently used matrices include glycerol, 
thioglycerol, 3-nitrobenzyl alcohol (3-NBA), diethanolamine, and triethanolamine. 
FAB has been largely replaced by ESI, however, recently cis- and trans- isomers 
of monounsaturated fatty acids were distinguished by applying FAB MS. 107· 108 
The first reports of mass spectrometric analysis on biological complex lipid 
mixtures applying even softer ionization techniques such as matrix-assisted laser 
desorption/ionization (MALDI) and electrospray ionization (ESI) can be tracked 
back to the 1990s.109· 110 Soft ionization methods minimize the fragmentation 
induced by the excess of energy, and preserve the lipid molecular structure after 
ionization. 
ESI-MS was described by Fenn eta/. in 1989.111 The sample in solution is 
sprayed at the end of a fine capillary holding a high electric potential (usually 
several kV). The charged small droplets are pushed out of the capillary and as 
the solvent vaporizes in the chamber, the droplets in the solution mist continue to 
reduce in size through evaporation, so that the charged ions repel each other 
violently (Coulombic repulsion). Finally free ions are released. 112• 113 A neutral 
sheath gas can be applied to assist in nebulizing the solution and evaporating the 
solvent. ESI generates gas-phase ions directly from solution, therefore, can 
ionize eluents from liquid chromatography. ESI is the now the most frequently 
applied ionization method for lipid research. An innovation of ESI MS in lipid 
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research is the application of ozone electrospray (OzESI). In this approach, 
ozone is introduced into the ion source with the desolvation gas, in order to 
permit analysis of the double bond positions of various unsaturated lipids. 114• 115 
MALDI is another soft ionization method that has been used for lipid 
analysis; it produces primarily singly charged ions. The matrix is an organic 
substance that efficiently absorbs laser power at a specific wavelength, 
depending on chromophores contained in its structure. The most commonly used 
matries are sinapinic acid, a-cyano-4-hydroxycinnamic acid (CHCA) and 2,5-
dihydroxybenzoic acid (DHB). A laser pulse triggers the process. The absorption 
of the laser power leads to the ablation of the upper layer of the matrix. Ionized 
matrix is generated during the ablation and transfers the charge or the charged 
particles to the analytes. The matrix is present at a concentration 1 000-fold 
higher than the analyte, thus protecting the analyte molecules from the laser. The 
energy transfer from the lattice to analyte is slow, and therefore the molecules 
are desorbed relatively softly. 116-118 
The glycosidic linkage in sialic acid residues is fragile. This property 
makes MALDI analysis of gangliosides very challenging, compared to ESI-MS. 
Prompt or metastable fragmentation of the gangliosides can result in failure to 
identify the original intact molecules, and in assignment of the structures to 
smaller species. Vibrational cooling MALDI was designed to overcome this 
difficulty by using a high-pressure gas pulse to cool and thereby stabilize the 
ganglioside ions and prevent the sialic acid loss. 119-121 
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Mass Spectrometers 
A mass analyzer employs electric and/or magnetic fields to differentiate 
ions based on their m/z values. Both mass spectrometers with a single type of 
mass analyzer and hybrid mass analyzers are used in lipid analysis. They differ 
by their working mechanisms and their properties: the mass range limit, dynamic 
range, mass accuracy, resolving power, sensitivity, and scanning speed. 
The most widely employed and simple mass analyzer is the time-of-flight 
(TOF) analyzer that sorts the accelerated ions according to the time each 
requires to reach the detector.122 All the ions generated from the ionization 
source are subjected to the same applied electric field; therefore they share the 
same high kinetic energy: 
mV/2 = zeEL (1.1) 
Here m reflects mass, v- velocity, z- charge, e - an electric charge, E-
electric field gradient, and L- the fixed distance of the flight path within a vacuum 
tube. As a result, ions of different m/z have different velocities, so that 
measurement of ion arrival time amounts to measurement of mlz. Solutions have 
been proposed and implemented to improve the resolution of TOF, such as 
reflectron TOF123 and delayed extraction. 122 TOF MS instruments are suitable for 
direct coupling with MALDI, and as a result, there are many commercially 
available TOF instruments that are equipped with MALDI ionization sources. 
Meanwhile, a TOF mass analyzer is also compatible with additional analyzers, to 
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form mass spectrometer systems such as TOF-TOF, quadrupole-quadrupole 
(Qq)-TOF, and quadrupole ion trap (QIT)-TOF. 
The three-dimensional ion trap instrument consists of a doughnut-shaped 
central ring electrode and two end-cap electrodes. The quadrupole ion trap mass 
analyzer was invented by Wolfgang Paul who later was awarded the Nobel Prize 
in Physics in 1989 for this work. The direct current (DC) and radio-frequency (FC) 
potentials are applied between the end caps and the ring electrode. The working 
principle of the QIT is based on creating stable trajectories for ions with a certain 
mlz or an m/z range, and removing the unwanted ions by axial ejection or 
quenching on the walls due to their unstable trajectories. 124 The charged analytes 
can be confined and subjected to various techniques such as direct MS scan, 
tandem MS analyses even multi-stage MSn level. lon trap mass spectrometers 
provide high sensitivity and high throughput and are economical. They have been 
applied to polar lipid structural studies using tandem MS until MS4 analysis. 125 
However, this kind instrument has weaknesses such as limited resolving power 
and space-charge effects that restrict the number of the trapped ions. These 
weaknesses have been addressed by development of linear ion trap (L TQ) 
instruments with higher ion capacity than three-dimensional designs, resulting 
higher resolution and dynamic range. 126 L TQs may be used to collect ions and 
then inject them into other mass analyzers. An L TQ is capable of scanning, 
excitation of ions and tandem MS experiments including collision-induced 
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dissociation (CID) and electron transfer dissociation (ETD). These capabilities 
will be described later in this chapter. 
The triple-quadrupole mass spectrometers provide advantages in 
lipidomics research including their capability of precursor ion/neutral loss 
scanning and their unequalled ability to perform multiple-reaction monitoring 
(MRM) experiments, providing quantitative analysis with high precision and 
accuracy. 127• 128 A linear quadrupole mass analyzer consists of four hyperbolically 
or cylindrically shaped rod electrodes mounted in a square configuration. The DC 
and RF potentials are applied between the two opposing pairs of these 
electrodes to generate a high-frequency oscillating electric field. Only ions with a 
specific m/z value can pass through the quadrupole rods when specific DC and 
RF potentials are applied, and ion selection is thus accomplished. Three sets of 
quadrupoles are arranged sequentially in triple-quadrupole MS instruments: the 
first (Q1) and third (Q3) quadrupoles are operated by applying both DC and RF 
potentials in the mass-selective mode, and the second quadrupole (q2) is 
operated with only RF potential129 being applied. The scan modes for tandem MS 
with triple-quadrupole instruments are summarized in Table 1.2. 
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Table 1.2 Scan modes of triple quadrupole MS instruments. 
Scan Mode Q1 q2 Q3 
Product lon Select precursor ion Fragmentation Scan all the fragments 
Precursor lon Scan precursors Fragmentation Select product ion 
Scan range shifted by 
Neutral loss Scan desired range Fragmentation llm 
Transmit a selected Transmit a selected 
MRM precursor ion Fragmentation product ion 
The major weaknesses of all the quadrupole instruments are their limited 
resolving power and low accuracy for unambiguous identification of diverse 
lipids, as well as the inability to perform the multiple-stage tandem MS 
experiment that can be conducted with an ion trap. Those disadvantages can be 
overcome by development of hybrid instruments such as Qq-TOF, QTRAP MS. 
The Fourier transform ion cyclotron resonance (FT-ICR) mass 
spectrometer was first introduced in 1974 by Comisarow and Marshall for MS 
analysis, 130 who adapted the ICR approach to be practical for high throughput 
analysis by combining the measurements with Fourier transformation of the 
signals and automated control of the experiments. To date, the highest resolution 
and mass accuracy for lipids have been achieved using FT-ICR MS. 131 · 132 An 
ICR mass spectrometer uses a combination of applied voltages and a magnetic 
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field to trap, excite and detect ions inside the ICR cell. Over years, many types of 
ICR cells have been designed and practically used, including the cubic cell, 
Infinity™ cell, open and closed cylindrical cells, three-sectioned cell, dual cells, 
and so on.133• 134 The cell is placed in a strong magnetic field provided by an 
electromagnet. When an electric current passes through the coil, a magnet field 
is generated; it remains even after the electric field is removed. Ions are trapped 
in the cell by the static magnetic field and axially by a static electric field. The 
magnetic field strength of an FT-ICR mass spectrometer typically ranges from 4 
to 18 Tesla (T). Higher magnetic field strength improves the resolving power, 
signal-to-noise ratio and mass accuracy, but the higher field strengths 
significantly increase the cost of the mass spectrometer. An ion with mass m, 
charge q, and velocity v undergoes a circlular movement with an orbit of radius r 
in a plane perpendicular to the direction of the magnetic field Bin the magnetic 
field and electric field E, under Lorentz force (FL): 
FL = qE + q( v X B) (1.2) 
Ideally, in the cell center, the ion is not affected by the electric field, thus: 
FL=q(vXB) (1.3) 
The ion trajectory with velocity under the magnetic field is stable when the 
centripetal force and the centrifugal force are equal. Considering the angular 
velocity (cyclotron frequency) w: 
w = (qB)Im (1.4) 
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The cyclotron frequency w of an ion is related to its m/z value when the 
magnetic field strength is fixed. This is the theoretical principle of the mass 
analysis by FT -ICR MS. When a small potential that is the same polarity of the 
ion charge is applied to the end cap electrode of the cell along the magnetic field , 
the ion oscillates along the z-axis of the ICR cell. Simultanously, a repulsive 
electric field in the x,y-plane is generated by the small potential, inducing the ion 
towards excitation and detection plates. The magnetron motion is induced, 
causing the ion to circle around the ICR cell axis. Different excitation methods 
have been developed. The simplest approach is to irradiate a single frequency 
for certain time, for instance, with a rectangular pulse; however, it can only excite 
ions with single mass 130 . A frequency sweep so called "chirp" excitation is better 
than the aforementioned, but gives distortions close to the borders of the 
range. 135 The ideal excitation waveform is from stored waveform inverse Fourier 
transform (SWIFT) excitations.136 When the ion packet moves close to a 
detection plate, it induces accumulation of opposite charges to the ion current. As 
the ions rotate, an alternating image current is generated between the detection 
plates. The image current is converted to an alternating voltage that is amplified 
to a time domain signal (a transient), which later can be finally converted to the 
mass spectrum through a mathematical operation-the Fourier transform. 
Multiple tandem MS methods can be performed inside the ICR cell such as 
electron capture dissociation (ECD), 137 sustained off-resonance irradiation 
collision activated dissociation (SORI-CAD), 138 and infrared multiphoton 
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dissociation (IRMPD). 139 The versatile tandem MS capability, its ultra-high 
resolution and mass accuracy, as well as the further coupling with 
chromatography make possible the analysis of complex lipid mixtures. 140-142 
The orbitrap is an ion trap mass analyzer that consists of an outer barrel-
like electrode and a coaxial inner spindle-like electrode that generate an 
electrostatic field with quadro-logarithmic potential distribution. 143· 144 Ions are 
trapped and undergo rotation and harmonic oscillation around the central 
electrode. In this type of instrument ion m/z value is simply related to the 
frequency of ion oscillation along the z-axis. 
w2 = (qlm)k (1.5) 
Here q reflects the charge, m = mass, w = frequency of ion oscillation 
along the z-axis, and k is a constant describing the orbitrap parameters. Detailed 
discussion of the equations of motion can be found a study by Makarov.143 The 
axial frequency is used because it is completely independent of energy and of 
the spatial spread of the ions. This is also the reason that high resolution and 
mass accuracy can be achieved with an orbitrap. The outer barrel-like electrode 
is split in the center and is used to detect the image current induced by the 
moving ions along the axis. Again the transient is digitized and followed by a fast 
Fourier transform algorithm to convert the recorded time-domain signal into a 
mass spectrum. Orbitrap mass spectrometers offer high mass accuracy and 
resolving power up to 150,000 and the performance is steadily being improved. 
The hybrid L TQ Orbitrap MS combining the fast duty cycle of linear ion traps for 
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MS/MS along with the high resolution and high mass accuracy capabilities of the 
orbitrap has been used in lipidomic research regarding identification and 
quantification. 131 • 132 The commercially available orbitrap is coupled to a C-trap 
that allows ion accumulation into a small cloud and radial injection into the 
orbitrap. The voltage of the central electrode is lowered to allow the ions' 
entrance. 
Two tandem MS methods have been reported recently using L TQ Orbitrap 
MS: pulsed Q dissociation (PQD) 145 and high energy collision dissociation 
(HCD), 146 both of which allow detection in low mass range. ETD and CID are also 
available on the commercial hybrid L TQ Orbitrap MS. They are introduced in the 
next section. Another instrument that combines a quadrupole mass filter with an 
orbitrap, the Q-Exactive, recently added to the line of orbitrap instruments 
marketed by Thermo-Fisher. 
Tandem Mass Spectrometry 
Tandem MS also known as MS/MS or MSn is an essential aspect of MS 
analysis, and serves as the basis upon which structure elucidation is achieved. 
For tandem-in-space mass spectrometry, the mass analyzers are physically 
separated and distinct. Tandem MS by sectors, transmission quadrupole, and 
TOF analyzers fall into this category. lon trap instruments perform the tandem-in-
time MS experiment. The separation is accomplished by trapping the ions in the 
same place, with multiple separation steps taking place over time. The 
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quadrupole ion trap, QTRAP and FT MS instruments can be used in this type of 
analysis. Tandem MS modes are reviewed in Table 1.2. 
The most commonly used approach for ion fragmentation in lipid research 
by tandem MS is CID (also called collision-induced or collisionally activated 
dissociation, CAD). In this approach, the selected precursor ions gain high kinetic 
energy through an applied electric potential difference. Collision is induced by 
interaction of the analyte ions with neutral gas molecules (helium in ion traps and 
usually nitrogen or argon in tandem-in-space instruments). CID can be performed 
at either low (eV range) or high (keV range) collision energies. Triple-quadrupole, 
QTOF, FT-ICR147 and ion trap mass spectrometers (most mass spectrometers) 
use low energy CID, 148· 149 sector and TOF employ high energy1 50 to perform CID 
experiments. 147· 151 In low-energy CID, precursor ions along with gas molecules 
are activated via translation-to-vibration energy transfer. The activation is caused 
by vibrational excitation and intramolecular vibrational energy redistribution (IVR); 
therefore, low-energy CID cleaves the precursor ion at the bond with the lowest 
dissociation energy-the weakest bond. For studies of polar lipids, low-energy 
CID typically yields diagnostic fragmentation. 152 As an example, the MS/MS 
spectrum of a PE reveals the signal of the PE head group, and both of the fatty 
acyl chains, which clearly identify the number of carbons and of the degree of 
unsaturation. Efforts have been made to achieve further structural 
characterization of lipids. By investigating several different types of metal cation 
adducts (e. g., Li, Na, K, Sc, V, Cr, Sr, Mn, Co, Cu, and Zn), supplemental 
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activation has been achieved, giving rise to detailed structural insight: the 
stoichiometry of esterified fatty acids; the identification of the most abundant sn-
positional isomer; and the position of the double bond(s) in the fatty acyl 
chains. 153 High-energy CID of deprotonated or metal cationized fatty acids, PL 
and triacylglycerols on classical double-focusing mass spectrometers yields rich 
fragmentation information that is characteristic of the position of double bonds or 
branching in the carbon chain. 154· 155 However, the sector-based instruments are 
no longer popular because of their low overall transmission, especially when 
used in conjunction with ESI or MALDI ion sources. TOFffOF MS instruments 
have recently been developed to perform high-energy CID, achieving collision 
energies ranging from 2 to 20 keV. However, the mass selection window is 
rather wide; when this factor is combined with the lipid structural variation, very 
complex data is generated.156 Ideally, the combination of the low-energy CID and 
high-energy CID experiments can enable both the lipid class diagnosis and the 
determination of the double bond position and branching information. 
A significant disadvantage of carrying out CID in an ion trap is the low 
mass cut-off. Product ions with m/z values lower than approximately 1/3 of that of 
the precursor ion are ejected and undetectable ("1/3 Rule"). HCD overcomes the 
problem by changing the function of the C-trap from a collision device into a 
storage device. Ions are accelerated from the C-trap into the nitrogen-filled 
collision cell. The product ions re-enter the C-trap and are detected in the 
orbitrap without a low mass cut-off. HCD has been successfully used for protein 
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identification and quantification 146 and has recently been employed in lipid 
research. 157 
Electron capture dissociation (ECD) and ETD are fragmentation methods 
that can be used with multiply cationized ions for tandem MS analysis. 137· 158 Both 
ECD and ETD cause energetic charge reduction of multiply charged cations and 
generate fragmentation. Unlike peptides, most polar lipids generate only singly 
charged ions, and therefore ECD and ETD are not well-suited tandem MS 
methods for lipid study. ECD has been successfully used in revealing structural 
information about the head group and the fatty acyl chains. 159 Electron induced 
dissociation (EID) starts from interactions between singly charged precursor ions 
and free electrons. When the electron energy is above the ionization threshold 
(9-1 0 eV), one electron can be ejected from the precursor ion, forming a radical 
with one more positive charge, followed by additional energy deposition to induce 
further fragmentation. 160 EID is usually performed by applying electrons with 
kinetic energy higher than 30 eV161 and, in addition, it does not require multiply 
charged precursor ions, thereby allowing analysis of small biomolecules that are 
not amenable to multiply charging. EID enabled determination of the double bond 
position(s) of Mn(ll)-adducted fatty acids. 162 It has been proposed that EID 
occurs via electronic and vibrational excitation, according to similar product ions 
observed from EID, ultraviolet photo-dissociation and El mass spectra. 163 Thus, 
EID may come to play an alternative role to high-energy CID for studying detailed 
structural information of lipids. 
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Jon Mobility Mass Spectrometry 
The combination of ion mobility spectrometry with MS is increasingly 
attracting more and more interest for biomolecular analysis with the feature of 
discrimination of charged analytes on two dimensions: molecular shape and size 
(collisional cross section), as well as m/z. 164· 165 The size of the polar lipid's head 
group contributes to the drift time in ion mobility MS: 
PA<PE<PG<PS<PC<SM<PI, where the increasing size of the head group results 
in increase in the drift time. Moreover, within a specific lipid class, analytes with 
shorter carbon-chains and more double bonds have shorter mobility times. 166· 167 
lon mobility MS has high potential to serve as a tool for distinguishing among the 
structures of isomeric lipids that cannot be differentiated by other MS methods. 
Imaging Mass Spectrometry 
In contemporary MS, imaging MS has become one of the most exciting 
areas. In particular, the ability of this technology to visualize the distribution of 
components within tissue sections represents a potentially powerful new tool for 
medical examination and diagnosis. Imaging MS of lipids in tissue has been 
investigated using three desorption/ionization approaches: secondary ion mass 
spectrometry (SIMS), MALDI, and desorption electrospray ionization (DESI). 168-
170 
SIMS is a technique that analyzes the composition of solid surfaces and 
thin films by sputtering the surface of the specimen with a focused primary ion 
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beam with keV kinetic energies. The secondary ions thus formed are collected 
and analyzed by MS. 171 DESI is an ambient ionization technique that combines 
ESI and desorption ionization methods, directing an electrically charged mist to 
the sample surface placed a few millimeters away. 172 The spatial resolution of 
these three approaches is from SIMS (about 1 IJm) to MALO I (about 10 IJm) to 
DES I (about 100 1-1m). Only SIMS has been demonstrated in applications at the 
cellular or even subcellular level. 173 However MALDI is well integrated in 
commercial mass spectrometers, so the coupling of MALDI to high-accuracy MS 
and tandem MS enables confident assignment of the lipid structure. Future 
developments may lead to high spatial resolution and certainty and specificity in 
the assignment of lipid structures. 
1.3 Thesis Overview 
This thesis focuses on the separation and structural characterization of 
polar lipids such as Pls and GSLs from biological samples by chromatography 
and mass spectrometry. The methodology development for separation and 
structural studies of polar lipids include: Chapter 2, the separation and detection 
of polar lipids attached to prion proteins by RP-HPLC MS; Chapter 3, direct 
analysis of acidic GSLs using TLC-MS; Chapter 4, a fast and economical method 
to identify double bond positions in unsaturated lipids using oxidation under 
ambient air; Chapter 5, methodology development and analysis of sulfatides from 
human milk. Chapter 6 contains the conclusions and discusses future directions 
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for the research. Overall, in this research presented in this thesis, new and 
improved methods have been developed for the identification and 
characterization of polar lipids. 
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Chapter 2 
The Separation and Detection of Polar Lipids Attached to Prion Proteins by 
One-Run RP-HPLC Coupled to ESI Mass Spectrometry 
2.1 Introduction 
Prion related diseases such as Creuzfeldt-Jakob disease in humans, 
scrapie in sheep, and bovine spongiform encephalopathy (so called "mad cow 
disease") are fatal neurological disorders characterized by the structural 
conversion of the normal, a-helical, cellular prion protein (PrPc) to an infectious, 
~-sheet-rich, aggregated form (PrP5c). 174-176 The pathogenic PrP5c is highly 
lipophilic and has a protease-resistant core termed PrP 27-30, while normal PrPc 
can be completely degraded by proteinase K. 177• 178 PrPc is a 
glycosylphosphatidylinositol (GPI)-anchored membrane protein expressed 
predominantly in the brain. 177 GPI-anchored proteins are anchored to the lumenal 
side of membranes of the secretory and endocytic pathways, associating with 
specialized cholesterol-and-sphingolipid-rich membrane microdomains that are 
referred to as "lipid rafts". 179 It has been reported that the retention of GPI-
anchored proteins may highly depend on stabilization of the association with lipid 
rafts in the endocytic pathway. 180 Lipid rafts play many important roles in 
biological systems, including organization and compartmentalization of signaling 
molecules, as well as providing vehicles for endocytosis and transportation of 
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signaling molecules to and from the cell membrane. 181 Safar et a/. found that 
salts of phosphotungstate (PTA) anions selectively precipitate PrP5 c. 182 During 
PrP 27-30 precipitation by PTA, lipids were found to be tightly associated with the 
recrystallized core. Thus, these lipids may play essential roles in the prions' 
biological pathways. Characterization of these lipids is a key to understanding 
their relationship to the prions. 
Protocols for separation of polar lipids from complex biological mixtures, 
either by TLC or HPLC, has been investigated extensively for decades. HPTLC is 
a widely used, fast and relatively economical method for separation of complex 
lipid mixtures.183 Though characterization of GSLs using MALDI MS directly from 
TLC plates has been developed in our laboratory184• 185 and is now widely 
used186-188, this procedure works best when matched with a vibrationally cooled 
MALDI-FTICR MS method wherein the excess energy imparted during the 
MALDI ionization step can be dissipated without causing post-source decay, 
especially for ganglioside analysis. 189 An orthogonal TOF mass spectrometer has 
also been used for online TLC-MS but practical limitations on the gas pressure 
make this approach slightly less favorable than the MALDI-FT MS system. 184 
On-line LC-MS provides separation of complex lipid mixtures prior to 
introduction of the sample into the MS ion source and thus reduces suppression 
of the signal from the less-efficiently ionized components, and thus it becomes 
necessary for the reliable analysis of the biological samples. It also facilitates 
rapid identification of the compounds on the basis of retention time, measured 
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molecular weight and tandem MS fragmentation. The ESI source can be directly 
coupled to a HPLC to achieve high sensitivity and minimize oxidation of 
unsaturated lipids by avoiding contact with atmospheric oxidants before being 
sprayed (see Chapter 4). Most prior HPLC-MS methods have focused on the 
study of either class fractionation only (NP-HPLC) 190• 191 or differentiation of lipids 
within a specific class (RP-HPLC);99 this results from the use of hydrophobic 
moiety (the carbon chains), whereas the separation using NP-HPLC relies on the 
hydrophilic moiety (the head group). A NP-HPLC-MALDI MS method has been 
developed for analysis of gangliosides based on the variation in their sugar 
moieties. 192 HILIC193 and porous graphite carbon (PGC) liquid chromatography 
mass spectrometry194 methods have also been reported for separation of polar 
lipids. A combination of NP and RP LC-MS was developed to study complex lipid 
mixtures which contained a wide category of compounds. 195 Despite excellent 
separation, several factors such as tailing , operating complexity and co-elution, 
and the requirement for extensive column washing, have limited widespread 
application of those procedures. To address these issues, we have now 
developed a simpler HPLC-ESI MS platform as a nonselective, rapid, and 
sensitive general approach to analyze polar lipids in biological samples. In the 
research described in this report, we applied this one step HPLC-ESI MS method 
to analyze the polar lipids that tightly associate with the prion proteins. 
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2.2 Materials and Methods 
2.2.1 Reagents 
Sulfatide standards mono-sulfo-galactosyl-~ 1-ceramide 
(d18:1/24:1), mono-sulfo-galactosyl-~1-ceramide (d18:1/24:0), mono-sulfo-
galactosyl-~1-ceramide (d18:1/12:0), total ganglioside extract (brain, porcine-
ammonium salt), mono-sialoganglioside GM1, 1-palmitoyl-2-oleoyl-sn-glycero-3-
PC, 1-palmitoyl-2-oleoyl-sn-glycero-3-PG, 1-palmitoyl-2-oleoyl-sn-glycero-3-PE, 
1-stearoyl-2-oleoyl-sn-glycero-3-PE, natural PG (chicken egg), and PI (bovine 
liver) mixtures, and a sphingolipid standard mixture including C17 sphingosine, 
C17 sphingosine-1-phosphate, C17 sphinganine, C17 sphinganine-1-phosphate, 
LacCer (d18:1/C12:0), GieGer (d18:1/C12:0), SM (d18:1/C12:0), Cer 
(d18:1/C12:0), Cer (d18:1/C24:1) and (d18:1/C24:0) were purchased from Avanti 
Polar Lipids, Inc. (Alabaster, AL). Di-sialogangliosides GD1a and GD1b were 
from Sigma Chemical Co. (St. Louis, MO). All the HPLC grade solvents were 
purchased from Merck (Darmstadt, Germany). 
2.2.2 Preparation of Polar Lipid Samples 
Sc237 scrapie-infected Syrian hamster brain homogenates were prepared 
in Ca2+/Mg2+-free PBS (Fraction 1). Homogenates were clarified by centrifugation 
at 500 xg for 5 min in a tabletop centrifuge and purified through 
phosphotungstate anion (PTA)-precipitation (Fraction 2). The PTA-precipitation 
protocols were based on procedures published by Safar et a/. 182 The resulting 
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sample was washed through a 50% sucrose cushion to reduce the lipid content. 
The recovered PrP5c 27-30 pellet was re-suspended in the PBS buffer and dried 
in a glass vial (Fraction 3). After drying in the speedvac TM, each sample was 
treated with 500 mL of chloroform/methanol (2:1, v/v) overnight. The liquid phase 
was collected in a separate tube. The remaining pellet was then treated with 500 
mL chloroform/methanol/water (3:48:47, v/v/v) overnight. The liquid phases were 
then combined . Finally, 0.71 g guanidine thiocyanate was added to inactivate the 
prion infectivity. Desalting was accomplished by three extractions with 
ch Ia reform/water. 
2.2.3 Instrumentation 
A Beckman Coulter system GOLD® 125 solvent module (Fullerton, CA) 
was coupled to a QSTAR Pulsar i quadrupole-orthogonal TOF mass 
spectrometer (AB Sciex, Foster City, CA) that was operated in the negative-ion 
mode or positive-ion mode. The mobile phase was a gradient of water/methanol 
(4:1, v/v) (containing 100 mM ammonium formate) (A), and isopropyl 
alcohol/methanol (3:2, v/v) (B). In the positive mode, 0.1% formic acid was added 
to both the (A) and (B) solvents to assist the spray. An analytical column 
SUPELCO Discovery® C18 column (5 em X 2.1 mm, 5 1Jm) (Sigma-Aldrich, St. 
Louis, MO) with a C18 guard column was placed in a line. After loading, the 
sample was eluted into the mass spectrometer with a gradient from 20-100% (B) 
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at the flow rate of 0.3 mllmin. The gradient is shown in Figure 2.1. Typically 2 1-JL 
of sample solution was applied. 
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Figure 2.1 Gradient of eluting solution (B) % applied in the one-run 
RP-HPLC MS system. 
2.2.4 Data Analysis 
Data acquisition was performed using Analyst Software 1.0 (AB Sciex, 
Foster City, CA), set for the negative-ion or positive-ion mode. A TOF-MS survey 
scan was acquired over the range m/z 200-2500 and the MS/MS range m/z 70-
2500. An information-dependent acquisition method was used to acquire product 
ion scans on the three most intense ion signals per cycle over the range m/z 200-
2500, excluding previously gated ions for 12 s. Other parameters included 
charge state selection set from 1 to 3, an intensity threshold of 10 counts/s, and 
collision energy set to -50 or -80 eV in negative-ion mode and 40 or 50 eV in 
positive-ion mode depending on the category of the samples. Samples were 
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ionized in the negative mode with a voltage of -4 kV or in the positive mode with 
a voltage of 3.5 kV. 
2.3 Results and Discussion 
2.3.1 Chromatographic Separation of Polar Lipid Standards 
HPLC-MS is necessary to characterize polar lipids present in complex 
mixtures. They are amphipathic molecules, thus efficient separation is difficult to 
achieve. Lipids are separated in order from the most hydrophilic to the 
hydrophobic molecules in RP-HPLC. To achieve the best coverage of all classes 
of lipids from a biological sample, an online HPLC-MS method should be efficient 
in both positive and negative ion modes. In our study, standards including STs, 
gangliosides, PEs, PGs, Pis, PCs and other sphingolipid standards were used for 
the method's evaluation and optimization. 
RP-HPLC MS Analysis On Sphingolipid Standards 
Figure 2.2 shows the extracted ion chromatogram (XIC) of an individual 
sulfatide with diverse fatty acyl chains on the ceramide moiety. The data were 
collected in the negative-ion mode and showed sharp and well resolved 
chromatographic peaks. ST (d18:1/C12:0) , the sulfatide that has the shortest 
fatty acyl chain, eluted first. The retention time of ST (d18:1/C24:1) was earlier 
than that of ST (d18:1/C24:0). ST (d18:1/C24:1) was used to determine the 
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detection limit. As a result, 100 fmol loading amount was found to be the limit for 
MS detection (data not shown). 
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Figure 2.2 XIC of the ST standards with different fatty acyl chains in 
variation of chain length and degree of unsaturation. MS spectra were 
recorded in the negative-ion mode. The loading amount for each ST was 1 pmol. 
The reproducibility of the method was assessed as well on the ST 
(d18:1/C24:1). The sample was injected three times on the same day and for 
three consecutive days (total, n = 9). The percent relative standard deviations (% 
RSDs) of the peak areas and retention times were calculated for the XIC peak 
detected. The repeatability within a day (measured as % RSDs) was 1. 7% for the 
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retention times, and 0.9% for total peak area, whereas the repeatability for 
different days was 2.1% for the retention times and 1.5% for total peak area. 
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Figure 2.3 XIC spectra of ganglioside standards. The MS was operated in the 
negative-ion mode. (a) RP-HPLC MS analysis of GD1a and GM1 mixture. (b) 
RP-HPLC MS analysis of GD1a and GD1b mixture. No separation was found for 
these regioisomers. 
GM1 and GD1 were analyzed by the HPLC-MS system. GM1 eluted later 
than GD1, despite sharing the same ceramide moieties (Fig 2.3a). GD1 a and 
GD1 b were analyzed separately and then as a mixture. There was no evidence 
to indicate chromatographic separation of these regioisomeric gangliosides 
(Figure 2.3b). However, they could be distinguished by tandem MS information. 
CID spectra of GD1a and GD1b are shown in Figure 2.4. GD1a shows a 
signature fragment at mlz 673.2, whereas GD1 b has a significant product ion at 
mlz 581.2, both of which indicate their specific fragments of the oligosaccharide 
head groups. If both of these product ions appear in the CID spectrum, the 
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sample has both GD1a and GD1b as its components. For the GSLs analyzed 
herein, separation was achieved on the basis of both lipid head group and acyl 
side chain length and degree of unsaturation. The presence of a larger head 
group and/or shorter carbon-chains on the GSLs reduces hydrophobicity, 
pushing the analytes toward earlier elution. 
Other sphingolipids such as sphingosine, sphinganine, sphingosine-1-
phosphate, sphinganine-1-phosphate, SM, Cers, as well as their glucosyl and 
lactosyl conjugates, are usually analyzed in the positive mode. In the method 
developed here, we added 0.1% of formic acid to the mobile phase to assist 
electrospray in positive-ion mode. To our knowledge, this is the first report of 
separation of all of the sphingolipids listed above in a single HPLC analysis. The 
retention time of the sphingolipids varied based upon their structural difference 
(Figure 2.5). The separation takes into consideration both the hydrophobic 
moiety (major factor) , which includes the chain length and number of double 
bonds in the fatty acid and the long chain base of the molecule, and the head 
group (minor factor). The mixture was fractionated into groups according to the 
chain lengths of the analytes. From retention time 3 to 5 min, the elution of 
single-chain C17 sphigolipids was detected. Note that, if a single-chain C12 
sphingolipid had been loaded, its retention time would have been even earlier. 
The Cer (d18:1/C12:0) and its derivatives, including the SM and its 
glycoconjugates, were detected within the window of 5-7 min. Lastly, Cer 
(d18:1/C24:1) and Cer (d18:1/C24:0) were eluted sequentially at 9 and 10 min, 
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respectively. Within the groups, the sphingolipids were resolved from one 
another based on their head groups. Firstly, the retention times of the 
unsaturated sphingolipids were earlier than the saturated lipids, e.g. C17 
sphingosine vs C17 sphinganine, and Cer (d18:1/C24:1) vs Cer (d18:1/C24:0). 
Secondly, the increase in the glycan size resulted in earlier elution, due to higher 
hydrophilicity, with respect to LacCer (d18:1/C12:0), GieGer (d18:1/C12:0) and 
Cer (d18:1/C12:0). In addition, the modification of phosphorylcholine on the 
primary hydrogen of the Cer (SM) caused earlier elution. Interestingly, comparing 
the sphingosine and sphingosine-1-phosphate, the latter was retained longer on 
the C18 column, suggesting the phosphate group changes the conformation 
such that the fatty acyl chain binds to C 18 more efficiently. It was the same for 
sphinganine and sphinganine-1-phosphate. 
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Figure 2.4 CID spectra of GD1a (a) and GD1b (b) standards. Tandem 
MS experiments were carried out in the negative-ion mode. 
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Figure 2.5 RP-HPLC MS analysis of wide range of sphingolipids. C17 
sphingosine (So), C17 sphingosine-1-phosphate (So1P), C17 sphinganine (Sa), 
C17 sphinganine-1-phosphate (Sa1 P), LacCer (d18:1/C12:0) , GieGer 
(d18: 1/C12:0), SM (d18: 1/C12:0), Cer (d18: 1/C12:0), Cer (d18:1/C24:1) and 
(d18:1/C24:0) were separated on the C18 column. The MS detection was done in 
the positive-ion mode. The loading amount for each standard was 4 pmol. 
RP-HPLC MS for Phospholipids 
As discussed in Chapter 1, Pls are important components of the cell membrane 
and precursors of signaling molecules. According to the acid-base properties of 
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phospholipids in solution, they can be detected either in positive- or negative-ion 
mode by MS. PI, PG, PS, and PE usually can be analyzed in negative-ion mode. 
PC, PE, PS and SM usually give better signals in the positive-ion mode. In 
negative-ion mode, in addition to the signals at mlz 78.959 and 96.970, 
representing the presence of the phosphate group, signature fragments were 
used to identify Pls: m/z 152.996 alone points to the presence of a 
phosphoglycerol moiety; the neutral loss of 87.032 Da from the precursor ion 
represents PS; PI shows neutral loss of 162.053 Da (hexose) and a signal at mlz 
241.012 due to the phosphohexose group; the fragment ion at m/z 196.038 
indicates the presence of PE, in the negative-ion mode. In the positive-ion mode, 
neutral loss of 141.019 Da, ions at m/z 184.073 and 86.096, and neutral loss of 
185.009 Da suggest a constituent containing PE, e.g., PC, SM, or PS. 
In the present study, PE, PG and PI standards were analyzed in the 
negative-ion mode. Figure 2.6 shows the fractionation of selected PE and PG 
standards using NP-HPLC MS. PG (16:0/18:1) and PE (16:0/18:1), which are two 
Pls sharing the same DAG moieties, were separated on the basis of their head 
groups. In addition , the retention time of PE (16:0/18:1) was earlier than that of 
PE (18:0/18:1), due to the presence of the shorter fatty acyl chain at the sn-1 
position. A PG mixture from chicken egg was also examined by the RP-HPLC 
MS system (Figure 2.7). Tandem MS was applied to determine the assignments 
(data not shown). Isomers PG (18:0/18:2) and PG (18:1/18:1) were slightly 
separated (Figure 2.7a). Separation was achieved based on the chain length 
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and number of double bonds in the fatty acyl chains at sn-1 and sn-2 positions 
(Figure 2.7b). A PI mixture was subjected to the RP-HPLC MS (Figure 2.8). 
Lyso-Pis were detected earlier than Pis with double fatty acyl chains. Other than 
that, similar to the separation of PGs, the elution order was mainly dependent on 
the DAG moiety. 
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Figure 2.6 XIC spectrum of PE (16:0/18:1), PE (18:0/18:1) and PG 
(16:0/18:1) standards. The loading amount for each standard was 5 pmol. 
The MS was operated in negative-ion mode. 
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Figure 2.7 RP-HPLC MS analysis of the PG mixture from chicken egg. 
The loading amount for each standard was 100 ng. The MS analysis was carried 
out in the negative-ion mode. (a) XIC of mlz 777.3 to 777.8. (b) XIC of multiple 
precursor ions. All of the assignments were confirmed by CID. 
RP-HPLC MS on PCs was performed in positive-ion mode (Figure 2.9). 
The chromatography conditions did not separate the regioisomers of PC 
(14:0/16:0) and PC (16:0/14:0). Similar to the results obtained for the Pls 
discussed above, PCs were separated on the basis of their DAG moieties. 
In every set of experiments, a blank was run after each sample analysis. 
No carryover was detected. 
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Figure 2.8 RP-HPLC MS analysis of PI mixture from bovine liver. The 
loading amount was 100 ng . The MS was operated in the negative-ion mode. 
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Figure 2.9 RP-HPLC MS analysis of the PC standards in the positive-
ion mode. The loading amount was 1 pmol for each PC standard. 
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The amphiphilic molecules are difficult to separate, due to the secondary 
interactions between the analytes and the column resin. The silica surface is not 
fully covered by the reversed-phase residues (C18 is the case herein), so the 
amphiphilic molecules tend to have both hydrophobic and hydrophilic contacts 
with the resin, resulting in tailing and broadening of the peaks. A good separation 
can be defined by low tailing factor, high efficiency, no carryover and narrow 
peaks that are important for improved resolution, more accurate quantitation and 
longer column lifetime. Addition of a suitable amount of ammonium formate, a 
relatively mass spectrometry friendly buffer, increased the efficiency of the 
column for separation of the polar lipids (data not shown). Thus, we achieved 
notably improved separation results. 
2.3.2 Separation and Structural Analysis of Polar Lipids Attached to Prion 
Proteins 
After primary precipitation and extraction, lipid fractions collected from 
mouse brain prion protein samples were injected into our system. Collision 
energies were varied to analyze different polar lipid species; for example, in the 
negative mode, -80 eV was found to be optimum for STs and singly charged 
gangliosides, and -50 eV for doubly charged gangliosides and Pls. Addition of 
ammonium formate to the mobile phase helped to achieve better-shaped 
chromatographic peaks. Signature product ions were used to identify the 
species. As seen in Table 2.1, in the negative-ion mode, the classes detected 
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were ganglioside, ST, PI, PE-NMe2, PS, PE and glycosylceramides, and, in the 
positive-ion mode, PC, lysoPC, SM, PS, PE, DAG and TAG and 
glycosylceramides (Table 2.2) were found in the brains of PrPsc infected mice 
(Fraction 1). There is some overlap among the compounds identified in the 
negative- and positive-ion modes. For instance, PE and PS can be detected in 
either mode. Compared to Fraction I, fewer compounds were observed from 
Fraction II and Fraction Ill, due to the lipid removal procedure. 
Table 2.1 Compounds detected in fractions recovered from PrP5c 
infected mouse brain by RP-HPLC MS in negative-ion mode. 
Fraction Obs. m/z [M-H]"Assignment Calc. m/z 
1544.9 GM1 (d36:1) 1544.869 
917.5 (2-)11' GD1b (d36:1) 1835.965 
1063.0 (2-)11 GT1b (d36:1) 2127.060 
1077.0 (2-)II' GT1b (d38:1) 2155.092 
883.5 PI (18:1/20:4) 883.534 
857.5 PI (16:0/20:4) 857.519 
885.5 PI (18:0/20:4) 885.550 
738.5 PE (16:0/20:4) 738.508 
744.5 PE (18:0/18:1) 744.555 
746.5 PE (18:0/18:0) 746.571 
746.5 PE (P-16:0/22:6) 746.513 
746.5 PE-NMe2 (16:0/18:0) 746.571 
I 756.5 PE (P-18:0/20:1) 756.591 756.5 PE (P-20:0/18:1) 756.591 
762.5 PE (16:0/22:6) 762.508 
762.5 PE ( 18:2/20:4) 762.508 
778.5 PE-NMe2 (16:0/16:0)+H0Ac 778.560 
788.5 PE (18:1/22:6) 788.524 
790.5 PE(18:0/22:6) 790.539 
802.5 PE-NMe2 (16:0/18:2)+HOAc 802.560 
804.5 PE-NMe2 (16:0/18:1)+HOAc 804.576 
826.6 PE-NMe2 (16:0/20:4}+HOAc 826.560 
830.6 PE-NMe2 (18:0/18:2)+HOAc 830.592 
830.6 PE-NMe2 (16:0/20:2)+HOAc 830.592 
832.6 PE-NMe2 (18:0/18:1)+HOAc 832.607 
832.6 PE-NMe2 (16:0/20:1)+H0Ac 832.607 
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Fraction Obs. m/z [M-H)"Assignment Calc. m/z 
II 
Ill 
850.6 PE (18:0/22:6)+HOAc 850.560 
850.6 PE-NMe2 (16:0/22:6)+HOAc 850.560 
852.6 PE-NMe2 (18:1/20:4)+HOAc 852.576 
854.6 PE-NMe2 (18:0/20:4)+HOAc 854.591 
860.6 PE-NMe2 (18:0/20:1)+HOAc 860.639 
860.6 PE-NMe2 (18:1/20:0)+HOAc 860.639 
878.6 PE-NMe2 (18:0/22:6)+HOAc 878.591 
788.5 PS (18:0/18: 1) 788.545 
816.6 PS (18:0/20:1) 816.576 
816.6 PS (20:0/18:1) 816.576 
806.5 ST (d36:1) 806.546 
888.6 ST (d42:2) 888.624 
890.6 ST (d42:f) 890.640 
904.6 ST (t42:2) 904.619 
906.6 ST (t42:1) 906.635 
826.6 Hex-Cer (d18:1/h24:0) 826.678 
842.6 Hex-Cer (t40:2)+HCOOH 842.636 
844.6 Hex-Cer (d18: 1/h22:0)+HCOOH 844.652 
854.6 Hex-Cer (d18:1/24:1)+HCOOH 854.673 
858.6 Hex-Cer (d18:1/h23:0)+HCOOH 858.668 
870.6 Hex-Cer (d18:1/h24:1)+HCOOH 870.668 
872.7 Hex-Cer (d18:1/h24:0)+HCOOH 872.683 
790.5 PE(18:0/22:6) 790.539 
804.5 PE-NMe2 (16:0/18:1)+HOAc 804.576 
844.6 Hex-Cer (d18:1/h22:0)+HCOOH 844.652 
854.6 Hex-Cer (d18:1/24:1)+HCOOH 854.673 
858.6 Hex-Cer (d18:1/h23:0)+HCOOH 858.668 
872.7 Hex-Cer ( d 18: 1/h24:0)+HCOOH 872.683 
888.6 ST (d42:2) 888.624 
744.5 PE (18:0/18:1) 744.555 
888.6 ST (d42:2) 888.624 
890.6 ST (d42:1) 890.640 
904.6 ST (t42:2) 904.619 
All the assignments are based on the database www.lipidmaps.org 
# refers to the doubly charged molecular ions [M-2Hf 
57 
Table 2.2 Compounds detected in fractions recovered from PrPsc 
infected mouse brain by RP-HPLC MS in positive-ion mode. 
Fraction Obs. m/z [M-H]" Assignment Cal. m/z 
496.3 LPG (16:0/0:0) 496.340 
522.4 LPG (18:1/0:0) 522.355 
732.6 PC (16:0/16:1) 732.554 
758.6 PC ( 16:0/18:2) 758.570 
760.6 PC (16:0/18:1) 760.585 
762.6 PC (16:0/18:0) 762.601 
782.6 PC (16:0/20:4) 782.569 
786.6 PC (18:1/18:1) 786.601 
806.6 PC (16:0/22:6) 806.569 
810.6 PC (18:0/20:4) 810.601 
834.6 PC (18:0/22:6) 834.601 
702.6 PE (P-18:0/16:1) 702.543 
702.6 PE (P-16:0/18:1) 702.543 
718.5 PE (16:0/18: 1) 718.538 
726.5 PE (P-16:0/20:3) 726.543 
730.6 PE (P-18:0/18:1) 730.575 
746.6 PE (18:0/18:1) 746.569 
748.5 PE (P-16:0/20:3) 748.528 
754.6 PE (P-18:0/20:3) 754.574 
768.6 PE (18:0/20:4) 768.554 
796.6 PE (40:4) 796.585 
824.7 PE (42:4) 824.616 
I 846.6 PE (44:7) 846.601 
790.6 PS (18:0/18:1) 790.559 
836.5 PS (18:0/22:6) 836.544 
731 .6 SM (d18:1/C18:0) 731.606 
813.7 SM (d18:0/C24:2) 813.684 
813.7 SM (d18:1/C24:1) 813.684 
800.7 Hex-Cer ( d 18: 1/h22:0) 800.661 
824.7 Hex-Cer (d 18: 1/h24:2) 824.661 
826.7 Hex-Cer (d18:1/h24:1) 826.677 
838.7 Hex-Cer (d18:1/C26:1) 838.713 
842.7 Hex-Cer (d18:1/h23:0) 842.708 
856.7 Hex-Cer (d18:1/h26:0) 856.724 
856.7 Hex-Cer (d20:1/h24:0) 856.724 
612.6* DG (16:0/18:1/0:0) 595.530 
640.6* DG (18:0/18:1/0:0) 623.561 
640.6* DG (16:0/20:1/0:0) 623.561 
662.6* DG (18:0/20:4/0:0) 645.545 
696.6* DG (22:0/18:1/0:0) 679.624 
822.7* TG (14:0/16:0/18:1) 805.728 
848.8* TG (14:0/18:1/18:1) 831 .744 
848.8* TG (16:0/16:0/18:2) 831 .744 
848.8* TG (16:0/16:1/18:1) 831 .744 
874.8* TG (16:1/18:1/18:2) 857.759 
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Fraction Obs. m/z [M-Hr Assignment Cal. m/z 
II 
Ill 
968.8* TG (18: 1/20:5/22:6) 951.744 
760.6 PC (16:0/18:1) 760.585 
800.7 Hex-Cer (d18: 1/h22:0) 800.661 
810.7 Hex-Cer (d18:1/C24:1) 810.682 
All the assignments are based on the database www.lipidmaps.org 
* refers to the ion [M+NH4t 
With the RP-HPLC system interfaced to ESI MS/MS, we were able to 
identify numerous GSLs and Pls. The retention times were influenced by both 
the head group and the lipid tails of the polar lipids, and this extended the 
separation properties of our system. The molecules were mainly separated on 
the basis of the total number of carbons and the total number of double bonds in 
the lipid chains. However, the positions and orientations (cis, trans) of the double 
bonds in the alkyl portions of all of the polar lipids and regioisomers and 
localization of the fatty acyl groups to the sn-1 or sn-2 position in Pls both 
require further structural characterization. To address the first remaining problem, 
the ozonolysis techniques described by Thomas eta/. should be useful. 114· 115 
Regarding the location of groups on the glycerol backbone, comparisons of the 
MS/MS spectra of standards should be helpful. 196· 197 
Our collaborators used various concentrations of PTA to precipitate the 
prion proteins and applied a high concentration of PTA to separate the prion 
proteins from lipids. In Fraction I, we detected gangliosides including GM1 . We 
recovered sulfatides in Fraction I, II and Ill. The primary sample preparation step 
suggested that these GSLs were differentially associated with the prion protein. 
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Because the lipid extraction steps used very high amounts of salt, the weight of 
lipids loaded onto our system was considered to be s 20% of the total weight. 
The results demonstrated that our system is sufficiently sensitive to handle such 
limited sample amounts. 
Evidence reported previously has revealed that ganglioside GM1-rich lipid 
raft is the location where the majority of PrP is found in neuronal cell lines; 198 
moreover, PrPc and GM1 colocalize on the neuroblastoma cell surface, and 
associate tightly. 199 In addition, damaged neurons undergo regeneration when 
gangliosides such as GM1 are added exogenously; this property has promoted 
the investigation of these compounds as a potential therapeutic pathway in 
neurological disorders.200 In Alzheimer disease, gangliosides including GM1 are 
also involved: the concentration of GM1 in the cerebrospinal fluid of those 
patients is significantly higher than that of the aged-matched controls.201 Thus, 
gangliosides were proposed to have a relationship to the disease pathogenesis. 
More recently, Sanghera eta/. found that GM1 is required during the process of 
binding of recombinant PrP to model raft membranes.202 In addition, STs are 
abundant in the myelin sheath and comprise 4% of total myelin lipids.203 
Abnormal levels of STs have been related to neurological symptoms. Parkinson 
disease patients have significantly increased levels of ST in the superior frontal 
and cerebellar gray matter (classic Parkinson disease)17 and the levels of ST 
have been reported to be remarkably decreased in the lipid rafts of human brain 
gray matter in incidental Parkinson disease manifested as Lewy body pathology 
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in the brain stem without motor symptoms204. Over 90% of ST loss was found in 
in the cerebral gray matter in Alzheimer disease, compared with about 50% loss 
in the white matter16. As a result, GSLs may function as a key factor in the prion 
protein transformation and aggregation process. Our identification of the GSLs 
which are tightly associated with the PrP5c in mouse brain thus furnishes a 
further step in prion protein research. 
We also modified this fast RP-HPLC MS approach and applied it to 
analyze the STs in human milk (see Chapter 5). For the study of lipids in human 
milk, a Waters NanoAcquity UPLC was used and the trapping column was 
equipped to not only accomplish the desalting step, but also boost the detection 
sensitivity. 
2.4 Summary and Conclusions 
Extensive purification of the individual components of a mixture is not 
feasible when limited amounts of a biological sample must be analyzed. Our 
investigation suggests that the RP-HPLC ESI-MS method presented herein not 
only provides the sensitivity required to compete with LC-MS methods that have 
been developed for specific classes of lipids but also has the advantage of 
identifying many kinds of polar lipids in one run . With our system, we identified 
numerous polar lipids in a sample of mouse brain prion proteins; some were 
found to be gangliosides and sulfatides. GSLs that attach tightly to PrP5c 
represent potential targets for the study of the biological processes and functions 
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of prions. This simple approach should be useful for studying wide categories of 
polar lipids in biological samples. 
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Chapter 3 
Direct Analysis of Acidic Glycosphingolipids Using Thin-Layer 
Chromatography - Mass Spectrometry Interfaces 
3.1 Introduction 
Acidic GSLs include two subcategories - gangliosides and STs - and 
are composed of an acidic oligosaccharide head group covalently linked to a 
ceramide backbone (Figure 1.1 and Figure 1.2). In addition to variety in the lipid 
chain length, degree of unsaturation and double bond position(s), the diverse 
combination of the oligosaccharide types and carbohydrate branching make 
GSLs an extremely complex group of compounds and a challenge for structural 
analysis or profiling. GSLs that distribute in neuronal and myelin membranes and 
in other tissues and organs play essential roles in numerous physiological and 
pathophysiological processes.205-209 During signal transduction and cell adhesion, 
cell surface microdomains, such as lipid rafts formed by GSLs and protein 
receptors in plasma membranes, move within the fluid bilayer as platforms for the 
attachment of proteins.210• 211 Changes in the ganglioside and/or sulfatide profile 
have been discovered in diseases, for instance, Alzheimer, 212-215 Parkinson,216• 
217 and Huntington.218• 219 To elucidate the biological functions of GSLs, studies 
involving incorporation of the glycans and glycoconjugates into microarrays, 220 
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generation of GSL synthase knockout mice221 -223 and research on anti-GSL 
antibodies 224· 225 have been performed. 
Moreover, increased knowledge of the biological importance of GSLs 
stimulated the development of versatile analytical methods for these compounds. 
That the bipolar character of GSLs increases the challenge in the isolation, 
separation and detection of this group of lipids is well known by lipid researchers. 
TLC is used commonly and conveniently to analyze and resolve individual GSLs 
in complex mixtures.226 When compared to HPLC, TLC seems to be old 
fashioned, but it offers several advantages for lipid analysis: simplicity, easy 
visualization of analytes, high resolution, high throughput (many samples can be 
loaded on a TLC plate and analyzed simultaneously) and freedom from 
carryover. However, since GSLs constitute a category of compounds with high 
heterogeneity, and TLC is a method, in principle, for separation and comparison 
(but not de novo identification), it is necessary to supplement TLC with other 
methods to achieve more informative analysis results. 
Over the last decades, mass spectrometry has become a rapid, highly 
accurate and sensitive method for identification and structural characterization of 
GSLs. Antibodies cannot distinguish among GSLs with different fatty acyl chain 
lengths on the sphingoid backbone moiety. MS is not only able to accomplish 
that, but it can also detect the number of double bonds on the lipids. Imaging 
mass spectrometry using a MALDI ion source is a powerful tool to visualize the 
distribution of GSLs from tissues in situ, 227-229 it requires few sample processing 
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steps, and gives direct, well resolved positional information on GSLs in tissue. 
However, the imaging MALDI data should be interpreted with caution because 
sialic acid is quite labile under the usual laser desorption/ionization conditions.228-
230 The BUSM vibrational cooling MALDI system was designed to stabilize the 
labile glycosidic bond of sialic acid, to prevent its breaking under laser 
irradiation.231 ESI is gentler than MALDI and is thus a good choice for analysis of 
gangliosides.232 It was introduced into brain ganglioside research by the Peter-
Katalinic group in 2001.215• 233 By combination of the information provided both in 
negative-ion and positive-ion mode (permethylation was required), these 
investigators achieved identification and characterization of ganglioside isomers. 
To avoid ion-suppression of GSLs by phospholipids, chromatography prior 
to MS has usually been considered to be helpful. In the past, MS analysis had 
followed the scraping of bands from TLC plates and extraction of the lipid 
components from the bands;234• 235 this approach has been called "indirect 
sampling TLC-MS".236 There are several disadvantages to this "off-line" TLC-MS, 
including the low recovery rate from scraping the silica gel, the necessity for 
additional processing with a column, and the contamination of the analyte by 
residual silica gel. Direct sampling TLC-MS that interfaces TLC with MS has 
been developed for in situ use and permits the determination of both molecular 
mass and structural information on GSLs directly from the bands, immediately 
following chromatographic separation and without requiring any further 
purification. The challenge of the TLC-MS coupling, which is different from the 
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other chromatography-MS approaches, arises between the extraction from the 
plate and introduction into the mass spectrometer, because the sample is 
embedded within the stationary phase. Therefore, most common methods 
developed for direct sampling TLC-MS are today based on surface or laser 
desorption and ionization techniques.237• 238 However, because of the high risk for 
elimination of sialic acid, unless special devices are employed, such as the 
vibrationally cooled MALDI system mentioned above, gangliosides cannot be 
individually analyzed. In addition, the introduction of an energy-absorbing matrix 
that is necessary in the MALDI method adds more complexity into the analysis 
system. 
Therefore, we developed methods for coupling the TLC and MS with an 
ESI interface to study acidic GSLs such as gangliosides and STs. Two 
approaches were developed based on two different interfaces, both commercially 
available - the TLC-MS interface from CAMAG and the LESA TM (liquid 
extraction surface analysis) TLC-MS interface from Advion. These two interfaces 
provide universal hands-free connection between the TLC and MS without 
requiring any other modification. With its depth profile, the CAMAG TLC-MS 
interface extracts the complete volume of the band containing the substance of 
interest, while the LESA TLC-MS interface recovers only components that lie 
near the band surface. Both systems have been applied for analysis of 
metabolites, peptides, dried blood spots and thin tissue sections.239-243 To our 
knowledge, this is the first report of their application to GSLs, and first direct 
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comparison of these two interfaces in terms of sensitivity, analysis time, and 
potential features. 
3.2 Materials and Methods 
3.2.1 Reagents 
Silica gel 60 HPTLC plates with aluminum or glass backing were 
purchased from EMD Chemicals Inc. (Gibbstown, NJ). The acidic GSL 
standards, GM 1, ST ( d 18:1 /C24: 1) and the bovine brain total lipid extract were 
obtained from Avanti Polar Lipids, Inc. (Alabaster, AL). The ganglioside standard 
GD1 a, and the detection agents orcinol and primuline were from Sigma Chemical 
Co (St. Louis, MO). All the HPLC grade solvents were purchased from Merck 
(Darmstadt, Germany). 
3.2.2 HPTLC 
Acidic GSLs and the bovine brain total lipid extracts were dissolved in 
chloroform/methanol (1 :1, v/v) and applied by means of a microliter syringe 
(Hamilton Co., Reno, NV) as 3-mm spots on silica gel-coated plates. Plates for 
the analysis of acidic GSLs were developed with solvent system A 
(chloroform/methanol/0.2% calcium chloride in water (55:45:10, v/v/v)). The 
bovine brain total lipid extract was developed by solvent system 8 
(chloroform/methanol/water/acetic acid (90:50:5:2, v/v/v/v))244 for subsequent 
lipid detection. Each GSL was deposited twice on one silica-TLC plate and the 
67 
plate was cut into two pieces after development. One piece was stained as a 
reference for the identification of positions of the lipids of interest, and the other 
was used for TLC-MS analysis. Two staining reagents, orcinol and primuline 
were applied for the detection of lipids. 
3.2.3 Direct Sampling TLC-MS 
The TriVersa Nanomate LESA TM device (Advion BioSciences, Inc. Ithaca, 
NY, USA) was coupled to the nanoESI source of a QSTAR Pulsar i quadrupole-
orthogonal TOF mass spectrometer (AB Sciex, Foster City, CA, USA) and the 
MS was operated in the negative-ion mode. Typical LESA-MS experimental 
conditions were: spray voltage of -1.5 kV, nitrogen delivery gas at a pressure of 
0.8 psi, and solvent system C (isopropyl alcohol/methanol/water (9:1 :1, v/v/v)) as 
extracting solvent. A total volume of 8 j.JL of extracting solvent C was used for 
each extraction with 6 IJL being dispensed 0.8 mm above the surface by the 
pipette tip, forming a liquid-surface junction that facilitated liquid extraction of the 
analytes. The liquid junction was held in place for 1 s and 1.5 j.JL of the solution 
was aspirated back into the tip. CID was performed with nitrogen gas to achieve 
the fragmentation information of the compounds of interest. The collision energy 
was set at a value between -50 to -90 V, depending on the lipid structures. 
Usually, singly charged gangliosides and STs were analyzed using an energy 
(ca. -90 V) higher than that needed to dissociate multiply charged gangliosides or 
singly charged phospholipids (ca. -50 V). The GD1a ganglioside standard was 
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employed to calibrate the mass scale in TOF in the MS/MS mode. After 
calibration, this mass spectrometer was capable of achieving better than 15 ppm 
mass accuracy in both MS and MS/MS modes. 
The CAMAG TLC-MS interface was coupled to the turbo-ESI ion source of 
the QSTAR MS in the negative-ion mode. Solvent system D (isopropyl 
alcohol/methanol/water (5:3:2, v/v/v) with 0.1 % of ammonia) was continuously 
delivered by the System Gold 125 HPLC pump (Beckman Coulter Inc., Fullerton, 
CA) at a constant flow rate of 0.07 mllmin. The ion source temperature was 400 
oc and the capillary voltage was maintained at -3.5 kV. The CID conditions were 
the same as those used in the LESA TLC-MS experiments described above. 
3.3 Results and Discussion 
3.3.1 Method Development Based on Standards 
Several variables influence the behavior of GSLs on HPTLC plates using 
TLC-MS interfaces, including the type of TLC plate, the solvent system, and the 
extraction time for recovery of the GSLs from the TLC plates. The instrumental 
parameters must be considered individually for each TLC-MS interface. First, the 
proper type of TLC plates should be chosen for the separation of acidic GSLs. 
Both silica gel HPTLC plates on glass and on aluminum were appropriate for 
GLS analysis with the CAMAG TLC-MS interface, because the CAMAG TLC-MS 
interface is a direct extraction of analytes from the silica gel. (Though analytes 
have been embedded within the silica gel, the extracting solvent is allowed to 
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flush through the band to elute the analytes.) On the other hand, we found that 
the LESA TLC-MS interface can only utilize silica gel TLC plates with glass 
backing. (Aluminum foil-based TLC plates resulted in spreading of the extracting 
solvent.) Second, the time for direct extraction should be considered. Since 
longer extraction times were found to result in carry-over in the CAMAG TLC-MS 
interface, the appropriate time for extraction from the TLC plates needed to be 
determined for the various sample classes. In contrast, the LESA TLC-MS 
interface did not exhibit carry-over, because a new tip and nozzle are used for 
each extraction. Third, the extraction solvent system can be a variable. Since this 
study focused on the analysis of acidic GSLs, organic solvents were required to 
extract the lipid analytes. However, silica gel HPTLC plates have absorbent 
surfaces, and thus an eluting liquid containing only organic solvents cannot be 
utilized because of the low surface tension of organic solvents. Therefore, 
different solvent systems were evaluated to achieve optimum extraction of GSLs. 
A 9/1/1 mixture of isopropyl alcohol, methanol and water produced the best 
extraction efficiency (data not shown). Fourth, instrumental parameters had to 
be optimized for the GSL analysis. The CAMAG TLC-MS interface was coupled 
to an HPLC pump and the turbo-ESI equipped QSTAR q-o-TOF MS, whereas 
the LESA TLC-MS interface was mounted on an Advion NanoMate that was 
connected to nano-ESI QSTAR q-o-TOF MS (See experimental section). 
In the negative-ion mode, the detection limit for direct LESA TLC-MS was 
determined by analysis of multiple dilution series of GD1a and ST (d18:1/C24:1) 
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(Figure 3.1 ). Different amounts of analytes (1 00 pmol, 50 pmol, 10 pmol, and 1 
pmol) were applied onto the silica based TLC plate and the plates were 
developed in a closed chamber. For both analytes, the signal could be detected 
for ~1 0 pmol. This detection limit takes into account the extraction efficiency for 
samples located near the top surface of the TLC plate. GD1 a formed 
predominantly [M- 2Hf ions, e.g., at mlz 917.5 and 931.5, that corresponded to 
the presence of different numbers of methylene units in the chains of the 
sphingoid base and/or the N-linked fatty acyl group. We also observed the [M-
Hr ion of ST (d18:1/C24:1) at mlz 888.6, and other major peaks m/z 598.3, 
778.5, and 936.6. Briefly, except for the molecular ion, those ions were 
generated by oxidation of double bonds that were located in the fatty acyl chain 
and/or sphingoid base. The details of ST oxidation on TLC, under ambient air, 
will be discussed in Chapter 4. 
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Figure 3.1 Sensitivity tests for the LESA TLC-MS method (negative-
ion mode) as a function of amount of GD1a (a) and d18:1/C24:1 ST (b) 
spotted on the TLC plate prior to the separation. 
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The ganglioside GD1a was deposited on a silica TLC plate having an 
aluminum backing; and the TLC development was accomplished during solvent 
development. Since the sampling spot for the LESA TLC-MS interface is rather 
small (about 3 X 3 mm), analysis of multiple spots on one TLC band is possible 
and often necessary. The signal intensity was measured to investigate whether 
different spots on the same band yielded different signal intensities (Figure 3.2). 
Spots 1 and 2 showed similar signal intensities. Although GD1 a was detectable 
in spot 3 and 4, they showed signals that were an order of magnitude lower than 
those generated from spots 1 and 2. Therefore, it became clear that signal 
strength is variable across the TLC bands and that quantification with this system 
will require the use of internal standards. 
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Figure 3.2 Evaluation of different spots on the same GD1 a band by 
LESA TLC-MS (negative-ion mode). 
To determine the efficiency of extraction in LESA TLC-MS, GD1 a was 
applied, subjected to solvent development, and analyzed in the negative-ion 
mode (Figure 3.3). One spot from GD1a band was chosen for analysis and was 
analyzed repeatedly (four times), using LESA TLC-MS. There was no change in 
the signal intensities from the first to the second extraction, but then, an order of 
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magnitude drop in signal intensities was observed for the third and fourth 
extraction. This result demonstrates that the analyte on a TLC plate is re-
extractable and re-analyzable with the LESA TLC interface, or that three to four 
extractions are necessary to remove all analytes, but a given spot is eventually 
depleted. 
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Figure 3.3 Determination of the efficiency of re-extraction in LESA 
TLC-MS. GD1a was applied on a TLC plate and separated. The same GD1a 
positive spot was analyzed four times using LESA TLC-MS in the negative ion 
mode. 
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Tandem MS was performed on the ganglioside GD1a and a ST 
(d18:1/C24:1) to identify their structures using LESA TLC-MS/MS after 
development of the TLC plate. Just as was observed previously (see Chapter 2, 
Figure 2.4a), the CID spectrum of GD1a showed sugar fragments containing the 
silaic acid unit: m/z 290.1, 470.1, and 673.2. GD1a has also Y-series ions that 
consist of sugar unit attached to the ceramide moiety at mlz 592.6, 754.6, 916.7, 
1119.7, 1207.8, 1410.8, and 1572.9. Another type of acidic GSL, a sulfatide 
(d18:1/C24:1 ), was also investigated to obtain more structural information. The 
CID spectrum of the precursor ion at mlz 888.6 ([M - HD was evaluated. The 
product ions corresponded to the head group, e.g. mlz 96.7 (sulfate, HS03-) and 
241.0 (sulfated hexose), but also reflected the composition of the Cer chains, 
e.g., mlz 390.4 (indicating the C24:1 fatty acyl chain) and 522.3 (corresponds to 
the head group and the deacylated sphingoid backbone) (see Chapter 5). 
The CAMAG TLC-MS interface was also evaluated for use in the direct 
ESI MS analysis of acidic GSLs on TLC plates. This interface is a semi-automatic 
instrument involving automatic piston movement to create a pressure seal over 
the appropriate TLC/HPTLC zone, on either glass plates or aluminum foils, 
followed by deposition and recovery of a suitable solvent delivered by the HPLC 
pump and then taken back up for injection into the mass spectrometer. The 
CAMAG TLC-MS interface is thus a micro-flow system that can be coupled to an 
MS that has a turbo-spray ion source. This device scrapes/extracts the whole 
band of silica gel resins from selected spots on the TLC plate. MS and MS/MS 
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spectra of 10 pmol of GD1a and 20 pmol of ST (d18:1/C24:1) were acquired by 
the CAMAG TLC-MS system after analyte separation on the silica TLC plate and 
set as detection limits (data not shown). Even when slightly different extraction 
solvent systems were used (see materials and methods for the details), the 
tested standards showed similar spectra for MS and MS/MS. Spectra obtained 
by the CAMAG TLC-MS system exhibited higher signal intensities and lower 
background noise, probably due to the fact that the extraction area used by the 
CAMAG TLC interface is about 1 0 times larger than that accessed by the LESA 
TLC interface. However, although the analysis using the CAMAG TLC interface 
allowed spray duration of 1 min, no re-extraction was possible. As a result, 
multiple loading of the analytes was required to perform different experiments. In 
other words, in comparison to the CAMAG-based system, the LESA TLC-MS 
delivers a smaller portion of the sample from the TLC plate and sprays longer 
(one analysis allows both of MS and MS/MS experiments). Acidic GSLs on TLC 
plates can be re-analyzed and re-extracted by the LESA TLC-MS system. There 
is no carry-over but it is critical to pick the right position for analysis with either 
TLC-MS interface. The LESA interface is expected to provide a better signal 
since the tip is changed for every spray; however, the high ratio of organic 
solvent used in the lipid extraction was found to dissolve material inside the tips, 
thus increasing the background noise. 
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3.3.2 Analysis of Bovine Brain Total Lipid Extract by TLC-MS 
To extend our work to other classes of lipids, a commercial bovine brain 
total lipid extract was separated using the development solvent system B. The 
plate was stained with primuline (Figure 3.4) and analyzed by both TLC-MS 
systems. The spatial resolution for sampling with LESA TLC-MS was higher, and 
thus 62 spots were taken to perform experiments from the 7 primuline-positive 
areas, as compared with 20 spots that could be extracted by the CAMAG TLC-
MS system. We recorded MS spectra in the range m/z 600-2000 and performed 
tandem MS on the precursor ions with intensities that were higher than 2 counts. 
Compounds identified by LESA and CAMAG TLC-MS systems are listed in Table 
3.1. Seven classes of compounds were identified by LESA TLC-MS and eight 
classes were found with CAMAG TLC-MS. By both TLC-MS systems, not only 
acidic GSLs, but also phospholipids such as PE, PI, PS, PE-NMe2 and SM were 
detected in the bovine brain lipids. It was interesting to observe that we found 
more classes of compounds with the CAMAG TLC-MS system, but identified 
more specific compounds within individual lipid classes with the LESA TLC-MS 
system. Hexosylceramides and some gangliosides were identified only with the 
CAMAG device. As discussed above, the extracting solvent system that was 
used for CAMAG TLC-MS was different from that used with the LESA system, in 
addition, CAMAG TLC-MS allowed solvent to thoroughly penetrate the silica gel. 
These factors helped the CAMAG system to flush out components over a wider 
range of polarities, even when the solvent system was not optimum for some of 
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these. Scanning along the smeared bands revealed compounds with different 
chain lengths. Shorter chains lipids from a given class, being less hydrophobic, 
were found at lower positions on the plate, and vice versa. 
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Figure 3.4 TLC plates stained with orcinol (a) and primuline (c). Lane 
1: monosialic ganglioside mixture (GM1, GM2, and GM3), lane 2: disialic 
ganglioside mixture (GD1a, GD1b, and GD3), lane 3: GT1b and GQ1b, lane 5: 
sulfatide mixture (d18:1/C12:0 ST, d18:1/C24:1 ST, d18:1/C24:0 ST, and 
d18:1/C12:0 di-ST), and lane 4 and 6: bovine brain total lipid extracts. 
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Table 3.1 Lipids identified from bovine brain total lipid extracts by 
the LESA and CAMAG TLC-MS. (If not specified, [M-Hr is detected by MS) 
LESA CAMAG 
Lipid Calc. Obs. MS MS/MS Obs. MS MS/MS 
Class mlz mlz mlz 
GT1 1063.038 N/0 N/0 N/0 1063.038 d36:1 d18:1/C18:0 
1077.048 N/0 N/0 N/0 1077.058 d38:1 d18:1/C20:0 
GD1 917.498 917.508 d36:1 d18: 1/C18:0u 917.508 d36:1 d18:1/C18:0° 
931.498 931 .508 d38:1 d18:1/C20:0° 931.508 d38:1 d18:1/C20:0° 
945.51 8 945.548 d40:1 N/0 N/0 N/D N/D 
958.528 958.548 d42:2 N/D 958.538 N/D N/D 
972.538 972.548 d44:2 N/D N/D N/D N/D 
GD2 836.458 N/D N/D N/D 836.458 d36:1 d18:1/C18:0 
GM1 1544.87 1544.87 d36:1 d18:1/C18:0 N/D N/D N/0 
1572.90 1572.89 d38:1 d18:1/C20:0 N/0 N/D N/D 
GM2 1466.91 N/D N/D N/D 1466.90 d42:2 d18:1/C24:1 
SM 687.54 687.53 d34:1 d18:1/C16:0 687.53 d34:1 d18:1/C16:0 
715.58 715.59 d36:1 d18:1/C18:0 715.59 d36:1 d18:1/C18:0 
717.59 717.59 d36:0 d18:0/C18:0 717.59 d36:0 d18:0/C18:0 
743.61 743.60 d38:1 d18:1/C20:0 743.60 d38:1 d18:1/C20:0 
743.61 743.60 d38:1 d20:1/C18:0 743.60 d38:1 d20:1/C18:0 
PE- 634.41 634.40 25:1 [O]c 16:0/9:1 [O]c 634.41 25:1 [O]c 16:0/9:1 [O]c 
NMe2 
662.44 662.43 27:1 [O]c 16:0/11:1 [O]c 662.44 27:1 [Ot 16:0/11 :1 
[O]c 
662.44 662.43 27:1 [Ot 18:0/9:1 [Ot 662.44 27:1 [O]c 18:0/9:1 [Ot 
708.45 708.45 25:1 [0] 16:0/9:1 [0] 708.45 25:1 ~0] N/D 
C3Hs02c,d C3Hs02c,d C3Hs02c, 
718.54 718.54 32:0 16:0/16:0 718.54 32:0 16:0/16:0 
718.54 718.54 32:0 14:0/18:0 718.54 32:0 14:0/18:0 
736.48 736.48 27:1 [0] 18:0/9:1 [0] 736.48 27:1 101 N/D 
C3Hs02c,d C3Hs02c,d C3Hs02c, 
736.48 736.48 27:1 [0] 16:0/11:1 [0] N/D N/D N/D 
C3Hs02c,d C3Hs02c,d 
744.55 744.55 34:1 16:0/18:1 744.56 34:1 16:0/18:1 
746.57 746.58 34:0 16:0/18:0 746.57 34:0 N/D 
772.59 772.58 36:1 N/D 772.58 36:1 N/D 
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LESA CAMAG 
Lipid Calc. Obs. MS MS/MS Obs. MS MS/MS 
Class mlz mlz mlz 
818.59 818.58 34:1 16:0/18:1 818.58 34:1 16:0/18:1 
C3Hs02d C3Hs02d C3Hs02d C3Hs02d 
820.61 820.60 34:0 16:0/18:0 820.60 34:0 N/D 
C3H60 2d C3Hs02d C3Hs02d 
846.62 846.62 36:1 18:0/18:1 846.62 36:1 N/D 
C3Hs02d C3Hs02d C3Hs02d 
846.62 846.62 36:1 16:0/20:1 N/D N/D N/D 
C3Hs02d C3Hs02d 
PS 650.37 650.36 25:1 [O]c 18:0/7:1 [Ot 650.36 25:1 [O]c N/D 
650.37 650.36 25:1 [O]c 16:0/9:1 [O]c N/D N/D N/D 
678.40 678.41 27:1 [Ot 18:0/9:1 [Ot 678.39 27:1 [Ot N/D 
706.43 70(5.42 29:1 [Ot 18:0/11 :1 [Ot N/D N/D N/D 
760.51 760.52 34:1 18:0/16:1 N/D N/D N/D 
760.51 760.52 34:1 18:1/16:0 N/D N/D N/D 
786.53 786.52 36:2 18:0/18:2 786.52 36:2 N/D 
786.53 786.52 36:2 18:1/18:1 N/D N/D N/D 
788.54 788.55 36:1 18:0/18:1 788.54 36:1 18:0/18:1 
808.51 808.50 38:5 N/D N/D N/D N/D 
810.53 810.53 38:4 18:1/20:3 810.53 38:4 18:1/20:3 
810.53 810.53 38:4 18:0/20:4 810.53 38:4 18:0/20:4 
812.54 812.54 38:3 N/D 812.55 38:3 N/D 
814.56 814.57 38:2 N/D 814.56 38:2 N/D 
816.58 816.57 38:1 18:0/20:1 816.57 38:1 N/D 
816.58 816.57 38:1 18:1/20:0 N/D N/D N/D 
832.51 832.50 40:7 N/D 832.50 40:7 N/D 
834.53 834.54 40:6 18:0/22:6 834.53 40:6 N/D 
836.54 836.55 40:5 18:0/22:5 836.55 40:5 N/D 
838.56 838.57 40:4 N/D 838.56 40:4 N/D 
856.50 856.51 40:6 Nad 18:0/22:6 Nad 856.51 40:6 Nad N/D 
858.51 858.52 40:5 Nad 18:0/22:5 Nad 858.52 40:5 Nad N/D 
860.53 860.53 40:4 Nad 18:0/22:4 Nad 860.54 40:4 Nad N/D 
PI 857.52 857.51 36:4 16:0/20:4 N/D N/D N/D 
883.53 883.53 38:5 N/D N/D N/D N/D 
885.55 885.54 38:4 18:0/20:4 885.55 38:4 18:0/20:4 
887.57 887.56 38:3 18:0/20:3 887.56 38:3 N/D 
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LESA CAMAG 
Lipid Calc. Obs. MS MS/MS Obs. MS MS/MS 
Class mlz m/z mlz 
PE 700.53 700.52 p34:1 p-16:0/18:1 700.53 p34:1 p-16:0/18:1 
700.53 700.52 p34:1 p-18:1/16:0 700.53 p34:1 p-18:1/16:0 
716.51 716.51 34:1 16:0/18:1 716.51 34:1 16:0/18:1 
722.51 N/0 N/0 N/0 722.51 p-36:4 N/0 
724.53 N/0 N/0 N/0 724.53 p-36:3 N/0 
726.54 726.53 p-36:2 p-18:1/18:1 726.55 p-36:2 N/0 
726.54 726.53 p-36:2 p-18:0/18:2 N/0 N/0 N/0 
726.54 726.53 p-36:2 p-16:1/20:1 N/0 N/0 N/0 
726.54 726.53 p-36:2 p-16:0/20:2 N/0 N/D N/D 
728.56 728.55 p-36:1 N/D 728.56 p-36:1 N/D 
742.54 742.53 36:2 18:1/18:1 742.54 36:2 N/D 
744.55 744.54 36:1 18:0/18:1 744.56 36:1 18:0/18:1 
748.53 748.52 p-38:5 p-18:1/20:4 748.53 p-38:5 p-18:1/20:4 
750.54 750.54 p-38:4 p-18:0/20:4 750.55 p-38:4 p-18:0/20:4 
' 
750.54 750.54 p-38:4 p-16:0/22:4 750.55 p-38:4 p-16:0/22:4 
752.56 N/D N/D N/D 752.56 p-38:3 N/D 
754.58 N/D N/D N/D 754.58 p-38:2 N/D 
756.59 N/D N/D N/D 756.59 p-38: 1 N/D 
758.61 N/0 N/0 N/0 758.60 p-38:0 N/0 
762.51 762.50 38:6 N/D 762.51 38:6 N/D 
764.52 764.51 38:5 N/D 764.51 38:5 N/0 
766.54 766.53 38:4 18:0/20:4 766.54 38:4 18:0/20:4 
766.54 766.53 38:4 16:0/22:4 N/0 N/D N/0 
768.55 N/D N/D N/D 768.55 38:3 N/D 
770.57 N/D N/D N/D 770.57 38:2 N/D 
774.54 774.53 p-40:6 p-18:1/22:5 774.55 p-40:6 p-18:1/22:5 
774.54 774.53 p-40:6 p-18:0/22:6 774.55 p-40:6 p-18:0/22:6 
776.56 776.56 p-40:5 p-18:1/22:4 776.56 p-40:5 p-18:1/22:4 
776.56 776.56 p-40:5 p-20: 1/20:4 776.56 p-40:5 p-20: 1/20:4 
778.58 778.57 p-40:4 p-18:0/22:4 778.58 p-40:4 p-18:0/22:4 
780.59 N/D N/D N/D 780.58 p-40:3 N/D 
782.60 N/D N/D N/D 782.60 p-40:2 N/D 
784.62 N/D N/D N/D 784.62 p-40:1 N/0 
786.57 786.57 p-36:2 p-18:1/18:1 N/D N/0 N/D 
CH3C00Hd CH3C00Hd 
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LESA CAMAG 
Lipid Calc. Obs. MS MS/MS Obs. MS MS/MS 
Class mlz mlz mlz 
788.58 788.57 p-36:1 N/D N/D N/D N/D 
CH3COOHd 
790.54 790.53 40:6 18:0/22:6 790.54 40:6 18:0/22:6 
790.54 790.53 40:6 18:1/22:5 N/D N/D N/D 
792.55 792.54 40:5 N/D 792.55 40:5 N/D 
794.57 794.57 40:4 18:0/22:4 794.56 40:4 18:0/22:4 
ST 806.55 806.55 d36:1 d18:1/C18:0 806.54 d36:1 d18:1/C18:0 
808.56 808.55 d36:0 N/D 808.55 d36:0 N/D 
822.54 822.53 t36:1 N/D 822.55 t36:1 N/D 
824.56 824.56 t36:0 N/D 824.56 t36:0 N/D 
862.61 862.60 d40:1 d18:1/C22:0 862.60 d40:1 d18:1/C22:0 
864.62 864.63 d40:0 N/D 864.63 d40:0 d18:0/C22:0 
876.59 876.59 t40:2 N/D 876.59 t40:2 N/D 
878.60 878.60 t40:1 d18:1/h22:0 878.60 t40:1 d18:1/h22:0 
880.62 880.61 t40:0 N/D N/D N/D N/D 
888.62 888.63 d42:2 d18:1/C24:1 888.63 d42:2 d18:1/C24:1 
890.64 890.64 d42:1 d18:1/C24:0 890.64 d42:1 d18:1/C24:0 
892.66 892.65 d42:0 N/D 892.65 d42:0 N/D 
902.60 902.59 t42:3 N/D 902.61 t42:3 d18:1/h24:2 
904.62 904.61 t42:2 d18:1/h24:1 904.63 t42:2 d18:1/h24:1 
906.63 906.64 t42:1 d18:1/h24:0 906.65 t42:1 d18:1/h24:0 
908.65 908.64 t42:0 d18:0/h24:0 908.65 t42:0 d18:0/h24:0 
916.65 916.66 d44:2 d18:1/C26:1 916.66 d44:2 d18:1/C26:1 
920.68 920.67 d44:0 N/D N/D N/D N/D 
932.65 932.64 t44:2 d18:1/h26:1 932.64 t44:2 d18:1/h26:1 
934.67 934.66 t44:1 N/D 934.67 t44:1 N/D 
Hex- 714.55 N/D N/D N/D 714.54 t34:1 d18:1/h16:0 
Cer 
742.59 N/D N/D N/D 742.58 t36:1 d18:1/h18:0 
782.65 N/D N/D N/D 782.64 d40:1 d18:1/C22:0 
796.63 N/D N/D N/D 796.63 t40:2 N/D 
798.65 N/D N/D N/D 798.65 t40:1 d18:1/h22:0 
800.66 N/D N/D N/D 800.65 t40:0 d18:0/h22:0 
808.67 N/D N/D N/D 808.66 d42:2 d18:1/C24:1 
810.68 N/D N/D N/D 810.67 d42:1 d18:1/C24:0 
812.66 N/D N/D N/D 812.67 t41 :1 N/D 
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LESA 
Lipid Calc. Obs. MS 
Class mlz mlz 
814.68 N/D N/D 
824.66 N/D N/D 
826.68 N/D N/D 
828.66 N/D N/D 
844.65 N/D N/D 
846.67 N/D N/D 
858.67 N/D N/D 
860.68 N/D N/D 
870.67 N/D N/D 
872.68 N/D N/D 
884.68 N/D N/D 
886.70 N/D N/D 
8These ions were observed as [M - 2Hf. 
bBoth a and b types were observed. 
cThese are aldehydes. 
MS/MS 
N/D 
N/D 
N/D 
N/D 
N/D 
N/D 
N/D 
N/D 
N/D 
N/D 
N/D 
N/D 
aThese ions were detected with different types of adducts. 
CAMAG 
Obs. MS MS/MS 
mlz 
814.67 t41 :0 d18:0/h23:0 
824.67 t42:2 d18:1/h24:1 
826.66 t42:1 d18:1/h24:0 
828.67 d40:1 d18:1/C22:0 
HCOOHd HCOOHd 
844.66 t40:1 d18:1/h22:0 
HCOOHd HCOOHd 
846.67 t40:0 d18:0/h22:0 
HCOOHd HCOOHd 
858.67 t40:1 d18:1/h22:0 
CH3COOHd CH3COOHd 
860.68 t40:0 N/D 
CH3COOHd 
870.67 t42:2 N/D 
HCOOHd 
872.69 t42:1 d18:1/h24:0 
HCOOHd HCOOHd 
884.69 t42:2 N/D 
CH3COOHd 
886.70 t42:1 d18:1/h24:0 
CH3COOHd CH3COOHd 
6 AII assignments were consistent with data provided by the LIPID MAPS Consortium. 
(www.lipidmaps.org) 
3.4 Summary and Conclusions 
To the best of our knowledge, TLC-ESI MS coupling using TLC-MS 
interfaces to investigate gangliosides and STs has not been reported previously. 
The developed method for directly coupling of LC with the QSTAR q-o-TOF MS 
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through TLC-MS interfaces allows high resolution, high sensitivity, and accurate 
mass assignments for acidic GSLs in MS and tandem MS. Whereas the CAMAG 
TLC-MS interface was found to yield higher signal intensities and the spectra had 
higher signal-to-noise ratios, the LESA TLC-MS interface provided a longer 
analysis time that allowed for the summing of muliple MS and MS/MS analyses 
and this feature can be exploited to gain high sensitivity. Although TLC has 
previously coupled with fast atom bombardment, liquid secondary ion, MALDI-
and desorption electrospray ionization MS, we now recommend exploration of 
the coupling with these TLC ESI-MS interfaces, since they require only simple 
sample preparation and minimize loss of analytes, and the more fragile 
molecules, such as gangilosides and STs, have higher stability under the usual 
experimental conditions, since ESI is a more gentle ionization method. The 
usefulness of the methods has been demonstrated here with the analysis of a 
bovine brain total lipid extract. The methods seem very likely to have broad 
application for on-line TLC-ESI MS of lipids. 
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Chapter 4 
Oxidation of Carbon-Carbon Double Bonds in Lipid Chains During Surface 
Analysis 
4.1 Introduction 
Lipid oxidation can be produced by a free radical chain reaction that is 
initiated either by removing an electron from the alkyl moiety or an oxygen, or by 
changing the electron spin of the oxygen.245• 246 The reactive oxygen species can 
be produced in the ambient environment. Singlet oxygen and ozone are the most 
well-known non-radical oxygen species. Singlet oxygen can be generated 
through various means and can react readily with double bonds in lipids. A very 
common and important route for generation of singlet oxygen is exposure of 
oxygen (air) to light in the presence of a photosensitizer.247 Metals can also 
initiate lipid oxidation by reacting with oxygen molecules, through the formation of 
a metal-hydroperoxide catalyst complex.248 Irradiation of non-transition-metal 
oxide powders, such as silica gel, aluminum oxide, and magnesium oxide, in the 
presence of oxygen results in the formation of singlet oxygen.249 Ozone, a 
chemically reactive gas, is a common environmental component. Wynalda and 
Murphy have reported that low concentrations of ozone react with phospholipids 
in lung surfactant.246 Moreover, ambient levels of ozone (-30 - 40 ppb)250 have 
been shown to cause ozonoloysis of carbon-carbon double bonds in unsaturated 
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lipids. It has been demonstrated that unsaturated lipids can produce ozonides at 
carbon-carbon double bond positions by the Criegee mechanism.251 Therefore, 
lipid oxidation often compromises the interpretation and identification of lipid 
structures. 
Since knowledge of detailed lipid structures plays an important role in the 
study of biological activities, precise determination of double bond position is 
essential for the correct interpretation of complex data sets. Recently, Mitchell 
and his collaborators have reviewed methods to determine the positions of 
double bonds in lipids.252 Several techniques utilizing MS, such as high energy 
CID tandem MS, covalent adduct chemical ionization, CID MS/MS of dials and 
ozonides generated by double bond oxidation, ozone electrospray ionization, and 
ozone-induced dissociation (OziD), provide information regarding double bond 
positions. Mass spectrometry alone can be utilized to elucidate the carbon-
carbon double bond position(s) within fatty acyl chains, and it can also be 
coupled to GC or silver-ion HPLC. However, these techniques usually require 
multiple sample preparation steps (hydrolysis and derivatization), instrumental 
modification and/or special equipment, and have limitations, in that most of these 
methods cannot assign the double bond positions with accuracy and efficiency. 
The work presented here describes a new and simple approach, surface 
oxidation under ambient air; the method provides an efficient, high throughput, 
convenient and economical way to identify double bond positions in unsaturated 
lipids. This approach requires neither derivatization of the sample nor any special 
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modification of the instrument to detect double bond locations in lipids. For the 
studies reported herein, lipid oxidation was determined by using LESATM coupled 
to an ESI QSTAR Pulsar i quadrupole orthogonal TOF mass spectrometer, after 
unsaturated lipids were deposited onto several different surfaces and exposed to 
ambient air for 1 hour or 1 day. For analysis of a complex mixture of biological 
lipids, TLC-MS was applied to separate the lipids and to elucidate the structures 
of the lipids and their oxidized products. The goal of this research is to provide a 
universal method to detect double bond position(s) in unsaturated lipids. 
4.2 Materials and Methods 
4.2.1 Reagents 
Plates with Silica gel 60 HPTLC coated on aluminum or glass were 
purchased from EMD Chemicals Inc. (Gibbstown, NJ). Sulfatide (ST) standards 
(d18:1/C24:1 and d18:1/C24:0) and bovine brain total lipid extract were obtained 
from Avanti Polar Lipids, Inc. (Alabaster, AL). Octadecanoic acid (stearic acid, 
C18:0), 9Z-octadecenoic acid (oleic acid, C18:1 (9Z)), 9Z,12Z-octadecadienoic 
acid (linoleic acid, C18:2 (9Z,12Z)), tetracosanoic acid (lignoceric acid, C24:0), 
15Z-tetracosenoic acid (nervonic acid, C24: 1 (15Z)), and primuline were from 
Sigma Chemical Co (St. Louis, MO). Microscope glass slides and aluminum foils 
were purchased from Fisher Scientific (Pittsburgh, PA). All HPLC grade solvents 
were purchased from Merck (Darmstadt, Germany). 
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4.2.2 HPTLC 
ST standards dissolved in chloroform/methanol (1 :1, v/v) were applied by 
means of a microliter syringe (Hamilton Co., Reno, NV), as 3-mm spots on silica 
gel-coated plates. Plates for the analysis of acidic glycosphingolipids (GSLs) 
were developed with solvent system A (chloroform/methanol/0.2% calcium 
chloride in water (55:45: 10, v/v/v)). The bovine brain total lipid extract was 
developed with solvent system B chloroform/methanol/water/acetic acid 
(90:50:5:2, v/v/v/v)). Duplicate spots of each lipid sample were deposited on a 
silica TLC plate and the plate was cut into two pieces after development. One 
piece was stained as a reference for the identification of positions for the lipids of 
interest, and the other piece was used for TLC-MS analysis. Primuline staining 
reagent was applied for the detection of lipids. 
4.2.3 Direct Sampling TLC-MS 
The liquid extraction surface analysis (LESA ™) device for the TriVersa 
NanoMate (Advion BioSciences, Inc., Ithaca, NY) was coupled to the nanoESI 
source of a QSTAR Pulsar i quadrupole-orthogonal time-of-flight mass 
spectrometer (Q-o-TOF MS) (AB Sciex, Foster City, CA) that was operated in the 
negative ion mode. Typical LESA-MS experimental conditions were spray 
voltage, -1.5 kV; N2 delivery gas pressure, 0.8 psi; and solvent system C 
(isopropyl alcohol/methanol/water (9:1 :1, v/v/v)) as the extracting solvent mixture. 
A total volume of 8 IJL of extracting solvent C was used for each extraction, with 
89 
6 1-JL being dispensed by a pipette tip held at 0.8 mm above the surface, to form a 
liquid-surface junction and facilitate liquid extraction of the analytes. The liquid 
junction was held in place for 1 s and then 1.5 1-JL of the solution was aspirated 
back into the tip. CID was performed with nitrogen gas to fragment the 
compounds of interest. The collision energy was set between -30 to -90 V, with 
the value being dependent on the lipid structures. Typically, singly charged STs 
needed higher energy (- -90 V) than was required for dissociation of multiply 
charged gangliosides or singly charged phospholipids (- -50 V) . The GD1a 
ganglioside standard was employed to calibrate the TOF scale in the MS/MS 
mode. After calibration, this mass spectrometer achieved better than 15 parts per 
million (ppm) mass accuracy in both MS and MS/MS modes. 
4.2.4 Sample Preparation for Nanospray ESI-MS 
STs and fatty acids in chloroform/methanol (1 :1, v/v) were deposited on 
silica gel TLC plates (with aluminum or glass backing), microscope glass slides, 
and aluminum foils . After exposure to the air for 0, 1, or 24 h, the samples were 
extracted using solvent system C and were analyzed using the nanoESI source 
of the QSTAR Pulsar i Q-o-TOF MS fitted with the TriVersa NanoMate. 
Square pieces cut from aluminum foil (1 em x 1 em) were placed in a 
nitrogen purged three-necked flask that had been half-filled with glass beads to 
provide a level surface. STs were applied to the substrate through a septum and 
were dried by the nitrogen purge inside the flask. After each time point, 10 1-JL of 
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solvent system C was applied to the substrate to dissolve the lipid samples and 
the resulting solution was collected into an amber vial for analysis. 
STs were deposited on pieces of aluminum foil (1 em x 1 em) and these 
were placed in a darkroom. STs were manually extracted by solvent system C 
and saved for analysis by nanoESI-MS after different time periods. Ozonide 
formation was confirmed by analyzing the samples after treatment under an 
ozone-saturated atmosphere. For this procedure, the ST samples on aluminum 
foil were placed in a 24-well plate and the plate was placed in an air-tight 
container. After the container was purged with ozone-saturated air generated 
from a corona discharge (Model BD-20V, Electro-Technic Products, Inc., 
Chicago, IL) for 10 min, the container was hermetically sealed to keep the 
samples in it under an ozone-saturated atmosphere for 24 h. 
Ultra high-mass resolution spectra were acquired for nervonic acid (C24: 1, 
15Z) with a 12-T SolariX (Bruker Daltonics Inc., Billerica, MA, USA) fitted with a 
modified Bruker nanoelectrospray source, following deposition of the lipid onto 
aluminum foil and exposure to ozone for 0, 1 or 24 h. With this MS system, a 
mass accuracy of S1 ppm can be reached. 
4.2.5 Characterization of Surface Roughness 
The topography and roughness were characterized for samples deposited 
onto a microscope glass slide and the matte side of aluminum foil , using white 
light interferometry (Model NT-1100, Veeco) in the vertical scanning 
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interferometry (VSI) mode with a 20X objective lens and a modulation threshold 
of 0.5%. A contact stylus profilometer (Model Dektak 6M, Veeco) with a load 
force of 5 mg was used for measuring the roughness of the silica TLC plate 
samples. At least three independent measurements were taken to calculate the 
average roughness (Ra) and standard deviation for all samples. The samples 
were also mounted on conductive carbon tape, sputter coated with gold, and 
examined with a Tescan Vega 3 scanning electron microscope. 
4.3 Results and Discussion 
4.3.1 Observation of Lipid Surface Oxidation on TLC Plate 
Consistent with the results reported by the Blanksby group using DESI 
MS,250 and those reported in a contribution from our group that is now under 
review (Chapter 3), the oxidation products were observed during the ST direct-
sampling TLC-ESIMS. Following deposition of 100 pmol of ST (d18:1/C24:1), the 
silica gel-coated TLC plate was developed in solvent mixture A and the bands 
were analyzed by ESI-MS. Figure 4.1 a shows the TLC-ESI-MS spectrum 
acquired from the aluminum foil-backed TLC plate that was exposed to ambient 
air. In addition to the molecular ion, m/z 888.62, ions were observed at mlz 
598.25, 778.48, 936.61 and 984.59. The signals observed at m/z 936.61 and 
984.59 corresponded to species that were 48 and 96 Da, respectively, heavier 
than those which were detected at mlz 888.62; the species observed at mlz 
778.48 was 110 Da lighter than the starting molecular ion; and the signal at m/z 
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598.25 corresponded to a component whose mass was 180 Da less than that 
observed at mlz 778.48. A similar ion series was found in the mass spectra of the 
reaction products of ST (d18:1/C24:0), which has one double bond on the 
sphingoid backbone chain but no double bond on the fatty acid chain (Figure 
4.1d). Besides the molecular ion observed at mlz 890.64, two additional ions 
were found at mlz 710.42, corresponding to the [M - Hr of a species that is 180 
Da lower in mass, and m/z 938.62, indicating the presence of a component 
having an increase of 48 Da with respect to the species detected at mlz 890.64 
(Figure 4.1 b). 
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Figure 4.1 TLC-MS spectra of ST (d18:1/C24:1) and ST (d18:1/C24:0) 
in the negative-ion mode and schemes showing the generation of their 
oxidation products. TLC-ESI-MS spectra of (a) 100 pmol ST (d18:1/C24:1) and 
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(b) ST (d18:1/C24:0), after TLC development and exposure to laboratory air. 
Products of double bond oxidation are labeled with "*". Structures of (c) ST 
(d18:1/C24:1 ), (d) ST (d18:1/C24:0), and their oxidation products. 
In CID tandem MS, all the ions described above yielded ST-characteristic 
head group fragments at mlz 96.96, 241.00, and 259.01 (Figure 4.2a). The ion at 
mlz 778.48 could be assigned as the oxidatively cleaved product bearing a 
terminal aldehyde at carbon-15 on the former fatty acyl chain of ST 
(d18:1/C24:1), and the ion at mlz 598.25 corresponds to the di-aldehyde formed 
following the oxidative cleavage of the double bonds on both the fatty acyl chain 
and the long chain base of ST (d18:1/C24:1) (Figure 4.2b). Evidence was found 
for oxidative cleavage of ST (d18:1/C24:0) that has no double bond on its fatty 
acyl chain. As would be expected, the oxidation generated only one aldehyde 
group, at carbon-4 of its long chain base, and the product was detected at m/z 
710.42 (Figure 4.2c). The ozonides were found to be fairly stable (Figure 4.1 c 
and d), consistent with previous reports.250• 253 The [M - Hpons observed at m/z 
936.61 and 984.59 in the spectra of the products from ozonolysis of ST 
(d18:1/C24:1), and m/z 938.62, from ST (d18:1/C24:0), that are shown in Figure 
4.1, could be assigned as ozonides formed on the double bond positions (Figure 
4.2d, e, and f) of these lipids. The signal at m/z 984.59 was relatively weak 
compared to the substantial background observed in the TLC-MS experiment. 
Upon CID, all of the ozonides decomposed to yield aldehyde and carboxylic acid 
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fragments as the result of initial homolytic cleavage of the peroxide bridge of the 
trioxolane followed by rearrangement.254 lon signals at mlz 778.48 and 794.47 
corresponded to the aldehyde and carboxylic acid products formed upon 
oxidation of the double bond at the b.15, 16 position of the fatty acyl chain of ST 
(d18:1/C24:1) (reaction at the lone double bond generated the ozonide at mlz 
936.61 ). Observation of these two product ions confirmed that the ozonide was 
formed on the fatty acyl group but not along the long chain base; otherwise, ions 
at mlz 708.41 and 724.40 would also have been detected as product ions. 
Therefore, it became clear that the oxidation preferentially occurred at the double 
bond in the fatty acyl chain rather than in the long chain base. In contrast, in the 
CID MS/MS spectrum of m/z 938.62, the presence of product ions at mlz 710.42 
and 726.41 indicated that an aldehyde and a carboxylic acid formed in the long 
chain base at the b.4,5 position of ST (d18:1/C24:0). Additionally, the presence of 
the hydroxyl group on the sphingoid backbone directed formation of other 
product ions in observed in the CID spectrum. For instance, the precursor ion at 
mlz 938.62 provided the product ion at mlz 680.40, which is corresponds to a 
species weighing 30 Da (equivalent to CH20, formaldehyde) less than the 
component observed at mlz 710.42. The ion observed at mlz 680.40 could be 
assigned as the aldehyde formed on the sphingoid backbone with cleavage at 
the b.4,5 site of unsaturation. Meanwhile, the precursor ion at mlz 984.59 
corresponds to the fully ozonized ST (d18:1/C24:1) and this generated a more 
complicated MS/MS spectrum. In addition to the cleavages at the trioxolane 
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moiety (m/z 826.46, 842.46, 598.25 and 614.25), cleavage at the position one 
carbon further along the sphingosine chain formed an aldehyde at carbon-4, 
generating the ion at mlz 584.24 and its dehydration product detected at mlz 
584.24. As described in the methods section, the mass accuracy was within 15 
ppm for all experiments. 
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Figure 4.2 (following page). CID Tandem MS spectra recorded during 
TLC-MS experiments conducted in the negative-ion mode and assignments 
of the oxidation products from ST (d18:1/C24:1) and ST (d18:1/C24:0). (a) 
CID of the precursor ion at mlz 778.5 that corresponds to the aldehyde formed 
on the fatty acid chain after oxidation of ST (d18:1/C24:1 ). (b) CID of the ion at 
mlz 598.3 that can be assigned as the di-aldehyde formed on both the fatty acid 
chain and the long chain base of ST (d18:1/C24:1). (c) Tandem MS spectrum 
obtained for the precursor ion at mlz 710.4 that can be assigned as the aldehyde 
formed at the double bond in the sphingoid base of ST (d18:1/C24:0). (d) CID 
MS/MS spectrum of mlz 936.6 corresponding to the ozonide formed at the 
double bond position in the fatty acyl chain of ST (d18:1/C24:1). (e) CID tandem 
spectrum of mlz 984.6 corresponding to di-ozonide formed on the double bonds 
in both the fatty acyl chain and the sphingoid base of ST (d18:1/C24:1) . This 
spectrum was collected from the surface of aluminum foil after deposition of ST 
(d18:1/C24:1) followed by exposure under ambient air after 1 hour. (f) CID 
tandem spectrum of the precursor ion m/z 938.6 assigned as the ozonide formed 
on the double bond in the long chain base of ST (d18:1/C24:0) . Structures of the 
CID fragments are shown in the structure list (Figure 4.14). 
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The oxidation of a lipid double bond during direct sampling TLC-ESI-MS 
could have many origins: the experimental processes of TLC, exposure during 
TLC in the air, sampling by the TLC-MS interface (LESA™ NanoMate), and 
nano-electrospray MS. Experiments were performed to exclude possibilities other 
than surface oxidation under ambient air. Only molecular ions were observed 
when ST standards in solution were sprayed directly into MS (data not shown). 
This result suggested that nanoESI-MS itself is not the driver for the oxidation 
reaction. 
In order to rule out other factors that might be responsible for the lipid 
oxidation, we performed experiments on other surfaces: aluminum foil, glass 
slides, glass-backed TLC plates from two different manufacturers, and also 
aluminum-backed TLC plates, without development. In the experiments whose 
results are shown in Figure 4.3, 100 pmol of STs (d18:1/C24:1) and 
(d18:1/C24:0) were deposited on these different surfaces and the products were 
analyzed using TLC-ESI-MS with a LESA TLC-MS interface. Analysis of an ST 
(d18:1/C24:1) deposited on an aluminum-backed TLC plate showed different 
spectra over the analysis time (Figure 4.3a-1). The molecular ion at m/z 888.62 
and ions at m/z 598.25, 778.48, 936.61 and 984.59 were observed after one hour 
exposure to ambient air. After one day, all ions disappeared except for the ion at 
mlz 598.25. For ST (d18:1/C24:0), the spectrum from the one-hour treated 
sample showed ions at m/z 710.42 and 938.62. Similarly, after one-day 
exposure, the abundance of the ion at m/z 710.42 was increased with respect to 
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that of the intact ST molecular ion (Figure 4.3a-2). STs deposited on the glass-
backed TLC plate underwent changes similar to those on the aluminum-backed 
TLC plate (data not shown). The same pattern of results was obtained in the 
experiment using a glass-backed TLC plate from a different manufacturer (data 
not shown). As shown in Figure 4.3b, both d18:1/C24:1 and d18:1/C24:0 STs 
were oxidized somewhat more slowly when spotted on aluminum foil than when 
they had been deposited on a TLC plate with an aluminum backing. In the 
spectrum of ST (d18:1/C24:1} , the component detected at mlz 598.25 was 
derived from the ST whose [M - Hr appears at mlz 778.48. The relative 
abundance of the peak at mlz 598.25 was increased in comparison to that of the 
ion at mlz 778.48 in the spectrum of the sample placed on the TLC surface, as 
compared to that placed on aluminum foil for either 1 h or 24 h (Figure 4.3b-1 ). 
Additionally, the oxidation products observed in the spectrum from the 1-h 
sample deposited on the TLC plate were similar to those found for the 24-h 
sample on aluminum foil. In the spectrum of the sample left for 24 h on the TLC 
plate, additional oxidation products were observed. For ST (d18:1/C24:0), the 
intensity ratio of the signal at mlz 710.42 to that at mlz 890.64 in the spectra 
collected at the same time point was much higher for samples deposited on TLC 
plates than for those that were deposited on aluminum foil (Figure 4.3b-2). The 
spectra shown in Figure 4.3c, indicate that the oxidation reactions on glass slides 
occurred more slowly than those on all other surfaces tested in this study. For ST 
(d18:1/C24:0), at least three days were required to observe the oxidation product 
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at m/z 710.42 for samples deposited on glass slides. Therefore, these 
observations led to the conclusion that the order of oxidation reaction rates on 
the surfaces is: silica gel TLC > aluminum foil >> glass slide. 
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Figure 4.3 (following page). Negative-ion mode ESI-MS spectra 
acquired following deposition of ST (d18:1/C24:1) (1) and ST (d18:1/C24:0) 
(2) onto different surfaces and exposure to ambient air for 0 hr, 1 hr, and 
1day prior to analysis. Oxidation products are labeled with "*". (a) Mass 
spectrum obtained after 100 pmol of each sample was loaded onto silica gel 
coated TLC plate. (b) Mass spectrum obtained for 8 pmol of each sample 
deposited onto the matte side of the aluminum foil. (c) Mass spectrum obtained 
for 8 pmol of each sample was deposited onto the glass slide. 
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The surface roughness was tested for these three materials. The average 
roughness, Ra, for silica gel TLC (ca. 606 nm) was slightly larger than that for 
aluminum foil (ca. 390 nm), and was much larger than that for the glass slide (ca. 
3 nm) (Figure 4.4). Rough surfaces provide increased contact area for the 
ambient air, and thus may be expected to cause oxidative cleavage reactions to 
take place more rapidly. Meanwhile, the mass spectra recorded for the samples 
treated on aluminum foil and glass slides were much cleaner than those obtained 
for the sample deposited on the TLC plate, and this improvement in spectral 
quality made it possible to detect the di-ozonide product of ST (d18:1/C24:1) at 
mlz 984.59. Based on the spectra obtained from the samples treated on different 
surfaces, it should be noted that there was no evidence in the mass spectra to 
indicate that the ozonide had decomposed to the aldehyde. It is noteworthy that 
the spectra became more complicated after one day and new signals appeared, 
in addition to those that could be attributed to "aldehyde, carboxyl acid and 
ozonide"; this result warrants further analysis of these new ions. 
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Figure 4.4 Roughness tests of various surfaces. The topography and 
roughness were characterized for samples deposited on a glass slide (a) and on 
the matte side of aluminum foil (b), using white light interferometry (Model NT-
11 00, Veeco) in the vertical scanning interferometry (VSI) mode with a 20X 
objective lens and a modulation threshold of 0.5%. A contact stylus profilometer 
(Model Dektak 6M, Veeco) with loading force of 5 mg was used for measuring 
the roughness of silica TLC plate samples. (c) At least three independent 
measurements were taken to calculate the average roughness (Ra) and standard 
deviation for all samples. Student's t-test was applied to determine the difference 
in roughness between groups. The roughness of the TLC plate was significantly 
more than the matte side of aluminum foil, while the roughness on the matte side 
of aluminum foil was significantly greater than the glass slide (d). "*" means 
p<0.05. The data shown in (a), (b) and (c) were acquired by Dr. Philseok Kim in 
Harvard University. 
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As discussed previously, ST (d18:1/C24:1) generated an oxidation product 
that was detected at m/z 778.48 (from cleavage on the fatty acyl chain) and then 
produced an ion at m/z 598.25 (by cleavage of the double bonds in both the fatty 
acyl chain and the long chain base). It is notable that there was no signal that 
would correspond to a fragment generated by cleavage solely on the long chain 
base of ST (d18:1/C24:1) and the disappearance of intact ST (d18:1/C24:0) 
occurred much more slowly than ST (d18:1/C24:1), especially when the 
sulfatides were coated on glass slides (Figure 4.3c). These pieces of evidence 
suggest that the reaction rate for ST surface oxidation of the double bond on the 
fatty acyl chain is faster than the rate of oxidation on the long chain base, at the 
site of unsaturation that has an adjacent hydroxyl group. The presence of the a-
hydroxyl group reduces the susceptibility of the double bond on the sphingoid 
backbone to oxidation. 
The data presented above provide evidence that the oxidation occurs not 
only on the TLC plate, but also on other surfaces. To elucidate which element is 
critical for the oxidation, STs were deposited on aluminum foil, exposed under 
ambient air for different time periods, and manually extracted. Extracted lipid 
samples were analyzed by nanoESI-MS performed with a TriVersa NanoMate 
and showed the same pattern of results as the data collected by LESA-MS for 
samples deposited on aluminum foil (data not shown). This suggests that the 
LESA NanoMate interface is not necessary for oxidation of an unsaturated lipid. 
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The results do indicate that surface exposure to ambient air is critical for the lipid 
double bond oxidation. 
Interestingly, after TLC development, the oxidation products of ST with 
shorter fatty acyl substituents or truncated long chain bases were not observed in 
any position on the TLC plate below that of the intact STs with higher polarity. 
This result indicates that the STs were not oxidized prior to or during the TLC 
development. The TLC developing tank was saturated with the developing 
solvent vapor and this may have protected the unsaturated lipids embedded in 
the TLC gel from the ambient air. However, after development, during the time 
period utilized for drying, staining, and marking the interesting spots on the 
analytical TLC plate by pencil, the separated components were exposed to the 
ambient laboratory environment. During this time, the analytes must have 
undergone oxidation and formed oxidized products that were detected at the 
same migration position on the TLC plate where the relevant intact lipids were 
located. Therefore, the TLC step occurred prior to oxidation and therefore could 
not have separated the long chain ST from the truncated shorter chain STs. This 
phenomenon also suggests that the oxidation is caused by post-development 
exposure of unsaturated lipids to ambient air. 
4.3.2 Mechanism Study 
Ambient ozone had been proposed as the reagent responsible for 
oxidation of unsaturated lipids and peptides that were air dried prior to analysis 
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by MALDI-MS, nano-assisted laser desorption/ionization mass spectrometry 
(NALDI-MS) and DESI-MS.250• 255-257 Once we had determined that rate of the 
oxidation reaction was considerably faster on aluminum foil, it seemed easier to 
explore the oxidation mechanisms using aluminum foil rather than a TLC plate. In 
addition, aluminum foil reduced the "chemical noise" background compared to a 
TLC plate. Therefore, in subsequent experiments, we deposited 1 00 pmol of ST 
on aluminum foil under the "ozone" conditions (Figure 4.5). After 1-d exposure to 
generated ozone, we detected only a small amount of ozonide (m/z 936.61) and 
no aldehyde (m/z 778.48) of ST (d18:1/C24:1) by nanoESI-MS using the 
TriVersa NanoMate (Figure 4.5a) for sampling. However, the MS spectrum 
recorded after 1-d exposure under ozone (Figure 4.5b) showed evidence for 
aldehyde (m/z 71 0.42) or ozonide (m/z 938.62) derived from the ST 
(d18:1/C24:0). The signal intensity from ozonide product of ST generated under 
the ozone environment was much lower than that recorded for the experiment 
performed under ambient air (as shown in Figure 4.3b) over the same time 
period. This result was consistent with the report that the amount of ozonides 
observed under ambient air was larger than that observed under the gas phase 
conditions of Ozl0.250 However, the results of our investigation suggest that the 
outcome does not depend on stabilization of the ozone adduct on the surface. It 
rather seems that the generated ozone somehow protects the unsaturated lipids 
from the ambient air on the surface. In addition, as we demonstrated with Figure 
4.3, there was no evidence showing that the aldehyde was derived from the 
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ozonide by decomposition during the air exposure process, though it appeared 
as a fragment of ozonide in the CID spectra. Therefore, it seems that, in addition 
to ozone oxidation, there must be another oxidation mechanism that is highly 
involved in the lipid double bond surface oxidation. 
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Figure 4.5 Negative-ion mode ESI-MS spectra of (a) ST (d18:1/C24:1) 
and (b) ST (d18:1/C24:0) acquired following deposition onto aluminum foil 
and exposure to chemically generated ozone for one day. Oxidation product 
is labeled with "*". 
To elucidate the key role of ambient air in the observed lipid oxidation, 
gaseous nitrogen was used as protective environment (Figure 4.6). The oxidation 
was totally inhibited by the protection of the sample by the gaseous nitrogen 
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environment after standard deposition of ST onto the aluminum foil. Even after 
one day under nitrogen, neither d18:1/C24:1 nor d18:1/C24:0 ST generated any 
oxidative product. As a result, we could conclude that environmental air is 
required to oxidize the double bonds of lipids dried on the surfaces. 
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Figure 4.6 ESI-MS spectra of (a) ST (d18:1/C24:1) and (b) ST 
(d18:1/C24:0) recorded for samples deposited on aluminum foil and kept 
under gaseous nitrogen protection at times 0, 1 h and 1 day. One hundred 
pmol of each sample was deposited onto the aluminum foil, which had been 
placed into a three-necked flask. Nitrogen was purged into the flask to protect the 
sample from the ambient air. STs were extracted using the solvent mixture 
isopropyl alcohol/methanol/water (v/v/v=9: 1:1) and were directly analyzed by 
ESI-MS. 
Since light has been considered to be involved in lipid oxidation by singlet 
oxygen in other cases, STs were deposited on aluminum foil and placed in the 
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dark and spectra were collected over time. While kept in the dark, the substrates 
were protected from oxidation, despite there being sufficient airflow. No oxidation 
product was detected by nanoESI-MS with TriVersa NanoMate after one day 
(Figure 4. 7). The data shown here provide evidence that oxidation of the 
unsaturated lipid surface is a light-sensitive reaction. 
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Figure 4.7 ESI-MS spectra of (a) ST (d18:1/C24:1) and (b) ST 
(d18:1/C24:0) recorded for samples deposited on aluminum foil and kept in 
a darkroom at times 0, 1 h and 1 day under sufficient airflow. One hundred 
pmol of each sample was loaded on the aluminum foil. After being maintained for 
fixed times in the darkness, the STs were extracted with 100 IJL of solvent 
mixture isopropyl alcohol/methanol/water (v/v/v=9: 1:1) and were analyzed 
directly by ESI-MS. 
It has been strongly suggested that singlet oxygen C 0 2) was formed by 
photosensitization in the atmosphere and may play a significant role as an 
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oxidant in the air. 258 Many researchers have pointed out that 10 2 is present in 
ambient polluted air and is an important oxidizing agent.259-261 Since the transition 
from the 1~9 state to the 3E9- state is spin forbidden, the 1~9 0 2 is considerably 
long-lived. It had been confirmed that the radiative lifetime of 0 2 C~9) is 45 min in 
the gas phase262 and 1 o-6 - 1 o-3 s in solution.263 This difference in the lifetime of 
singlet oxygen under the two conditions explains why oxidation of unsaturated 
lipids could only be observed on surface exposed to the air but not in solution. 
Singlet oxygen is significantly electrophilic, and reacts with unsaturated carbon-
carbon bonds, neutral nucleophiles, and anions.264 Scheme 4.1 shows the 
proposed mechanism of the double bond oxidation by 10 2.265 The nucleophilic 
oxygen from the allylic hydroxyl group on the carbon in the position a to the 
double bond enables the lipid to interact with the electrophilic 10 2, thereby 
directing the attack of this enophilic reagent. 266 Resonance is not possible for the 
allylic hydroxyl group and the carbon-carbon double bond. Therefore, the 
hydroxyl group is not able to participate in delocalization of pi electrons or 
function as an electron donor. In contrast, the oxygen in the hydroxyl group is 
electron withdrawing by induction (-/) because the oxygen atom is relatively 
electronegative and is uncharged in that bonding arrangement. The "-f' effect 
makes the double bond less electron-rich and thus a poorer nucleophile than the 
carbon-carbon double bond without the allylic hydroxyl group. This consideration 
can explain why the double bond in the sphingoid backbone reacts more slowly 
than that in the fatty acyl chain. 
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Scheme 4.1 Mechanism for carbon-carbon double bond oxidation by 
singlet oxygen. 
It should be noted that ozone is also a source of singlet oxygen because 
of photolysis of ozone in the Hartley region (3200 to 2000 A).258 Singlet oxygen 
could act as a secondary oxidant by the reaction of ozone. The ethylene 
consumption rate constant of singlet oxygen is much greater than that of 
ozone.267 Consideration that the ozone concentration is higher than the 
concentration of singlet oxygen could explain why most experiments listed above 
showed that the aldehyde is generated earlier and more and more ozonides are 
produced later in the course of lipid oxidation. Therefore, the reaction of singlet 
oxygen and ozone oxidation are believed to be two parallel reactions leading to 
the double bond surface oxidation in unsaturated lipids. 
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4.3.3 Surface Oxidation of Fatty Acids 
In order to confirm that the surface lipid oxidation observed for ST is 
common to other lipid classes as well, stearic acid C18:0, oleic acid C18:1 (9Z), 
linoleic acid C18:2 (9Z,12Z), lignoceric acid C24:0 and nervonic acid C24:1 (15Z) 
were examined on aluminum foil, since fatty acids are considered to be the 
"simplest" lipids (Figure 4.8). As expected, no oxidation was observed on the 
saturated fatty acids (Figure 4.8a and 4.8d). Figure 4.8b shows the spectrum 
recorded for the products from oxidation of oleic acid after 1-h exposure to 
ambient air. [M - H] - ions were observed that corresponded to a shortened fatty 
acid containing a terminal aldehyde (m/z 171.10), or a second carboxyl moiety 
(mlz 187.10), as well as the residual intact starting material (m/z 281.25) . 
Nervonic acid was also cleaved at its double bond position and showed signals 
at m/z 255.20, and 271 .19 (Figure 4.8e). Because [M - Hr of the aldehyde 
product of nervonic acid (C1 5H2703-, exact mass m/z 255.1966) and the 
background palmitic acid (C1 6H3102-, m/z 255.2330) are isobaric , the nervonic 
acid oxidation products were reanalyzed by FT ICR (Fourier transform ion 
cyclotron resonance) MS to resolve these species and thereby remove any 
ambiguity regarding formation of the aldehyde (Figure 4.9). Over time, the 
abundances of the peaks corresponding to the aldehyde products were 
increased in the spectra and the intensities of their signals were compared to the 
signal from the remaining fatty acid (Figure 4.9b). The oxidation of linoleic acids 
resulted in the generation of only one set of products, observed at mlz 171.10, 
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and 187.10 (Figure 4.8c) without the "step-by-step" cleavages reported by 
Harrison and Murphy for their OziD investigation of a phosphatidylcholine (PC) 
with multiple double bonds.254 When the amount of oxidant is sufficient, both 
double bonds may react, at apparently similar rates, and be cleaved immediately. 
As a result, the other small neutral pieces may not be detectable. To check 
whether the ozonide is produced in a short time period, the fatty acids were 
deposited on aluminum foil and the formation of ozonides in the fatty acids was 
tracked for 5 min, 10 min, and 20 min by nanoESI-MS analysis with the TriVersa 
NanoMate. However, no such products were detected (data not shown). Since 
singlet oxygen reacts much faster on the isolated olefin, as discussed above, the 
fatty acids react more quickly with singlet oxygen than with ozone and the 
amount of the ozonides generated under these conditions might be undetectable. 
During ozone oxidation of carbon-carbon double bonds, primary ozonide 
formation is considered to be the rate-limiting step.268• 269 Furthermore, it is 
possible that, once formed, the ozonide is quickly cleaved. The cleavage may 
occur so rapidly that the ozonide intermediates cannot be detected. The 
presence of the aldehyde and carboxyl acid pair is sufficient to elucidate the 
original position of the double bond in fatty acids, even though no observed 
signal corresponds to the postulated ozonide intermediate. 
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Figure 4.8 Negative-ion mode ESI-mass spectra of fatty acids 
deposited on aluminum foil and exposed to the ambient air for 1 h. (a) 
stearic acid C18:0, (b) oleic acid C18:1 (9Z), (c) linoleic acid C18:2 (9Z, 12Z), (d) 
lignoceric acid C24:0, and (e) nervonic acid C24:1 (15Z). 
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Figure 4.9 FT mass spectrum acquired following deposition of 100 
pmol nervonic acid C24:1 (15Z) on aluminum foil and exposure under 
ambient laboratory air for 1 hour. The ultra high-mass resolution spectrum was 
obtained with a 12-T SolariX instrument (Bruker Daltonics Inc., Billerica, MA, 
USA) using a modified Bruker nanoelectrospray source. (a) FT mass spectrum 
obtained after 1 h exposure to the air. (b) Zoomed-in FT mass spectra shown in 
the mass range m/z 254-258 over time. Herein, separation of the signal of the 
aldehyde product (m/z 255.1966) from the background palmitoyl anion (m/z 
255.2330) is clear. 
4.3.4 Analysis of Bovine Brain Total Lipid Extract by TLC-ESI-MS 
In this investigation, the direct sampling TLC-ESI-MS method for polar 
lipid analysis using the LESA ™ TLC-MS interface recently developed by our 
group (Chapter 3) was applied to the analysis of a bovine brain total lipid extract. 
Herein, we have focused on the identification of the double bond position by 
analyzing the oxidized products from the bovine brain lipid extract TLC-MS data. 
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The bovine brain total lipids were deposited on a normal phase silica gel 
TLC plate and their separation was primarily based on the differences in their 
polarity. After development, the TLC plate reserved for MS analysis was dried 
under ambient air. It was aligned with the primuline-stained TLC plate, marked 
with pencil to indicate the lipid locations, and cut to fit in the LESA holder. The 
total time for exposure to the air was about 0.5 h. Figure 4.10 shows LESA-TLC-
ESI mass spectra obtained from TLC plate areas where the intensities of signals 
that correspond to phosphatidylserine (PS) and N,N-dimethyl 
phosphatidylethanolamine (PE-NMe2) candidates were the greatest. In Fig. 5a, 
the most abundant peak (m/z 788.54) corresponded to the [M - Hr of PS 
(18:0/18:1), and could be assigned to this structure on the basis of its CID 
MS/MS spectrum. (Figure 4.11a) The CID spectrum of the second most 
abundant signal (m/z 678.40), corresponded to the PS aldehyde that would have 
been formed by oxidation of the double bond at the 69,10 position in the PS that 
had a fatty acyl chain of 18:0, PS (18:0/9:1 [0]) (Figure 4.11 b) . Interestingly, an 
ion at mlz 591 .37 that could be assigned as a PA aldehyde (18:0/9:1[0]) was 
found at the same Rf (retention factor) value and this assignment was confirmed 
by analysis of the corresponding PA standard (data not shown). Under exposure 
to the air, the PS lipid class reacted to form PS oxidation products, and also PA 
oxidation products. The ion at mlz 706.43 corresponds to the expected aldehyde 
formed following the oxidation of the 611,12 double bond of the isomeric PS 
(18:0/18:1 , ~11,12) (Figure 4.11c). Fatty acids 18:1 (~9.10) and 18:1, (~11,12) 
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are common monounsaturated fatty acids in nature, and their presence in the 
mixture can explain the observations of PS (18:0/18:1, L19,10) and PS (18:0/18:1, 
L111, 12). Other ions in the spectrum shown in Figure 4.1 Oa corresponded to other 
less abundant PSs and their potential oxidation products. 
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Figure 4.10 TLC-MS negative-ion mode spectra acquired following 
separation of the bovine brain total lipid extract. ESI spectra were obtained 
from the area of the TLC plate containing (a) PS and (b) PE-NMe2 . •=oxidation 
products cleaved at the L111, 12 double bond, *= oxidation products cleaved at the 
L19, 10 double bond. 
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Figure 4.11 Negative-ion CID tandem mass spectra of PS candidates 
and their oxidation products recorded after the bovine brain total lipid 
extracts were separated by TLC and exposed to ambient air. Spectra were 
assigned as (a) PS (18:0/18:1), (b) PS (18:0/9:1[0]) aldehyde, (c) PA 
(18:0/9:1[0]) aldehyde, and (d) PS (18:0/11:1[0]) aldehyde. Structures of the CID 
fragments are shown in the structure list (Figure 4.14). 
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Figure 4.1 Ob shows the direct sampling LESA-TLC-mass spectrum from 
the PE-NMe2 candidate spot on a silica gel TLC plate. The ion at mlz 744.55 
corresponds to PE-NMe2 (16:0/18:1), while m/z 746.57 corresponds to the 
molecular ion of PE-NMe2 (16:0/18:0). The structural assignments for both ions 
were confirmed by their CID spectra (Figure 4.12 a and b). The neutral loss of 71 
Da, the signal at mlz 224.07 and other phosphate fragment ions are signatures 
that were used to identify the assignments of the PE-NMe2 molecular ion. 
Oxidation products were observed at mlz 634.41 and 662.44. The ion at mlz 
634.41 in the CID MS/MS spectrum corresponded to PE-NMe2 aldehyde 
(16:0/9:1[0]) that was cleaved within the f19,10 double bond (Figure 4.13a). 
Additionally, the signal at mlz 662.44 was revealed to be a mixture of the [M - Hr 
species from the PE-NMe2 aldehyde (16:0/11: 1 [0]) and PE-NMe2 aldehyde 
(18:0/9:1[0]) (Figure 4.13b). The presence of both PE-NMe2 aldehydes 
(16:0/9:1[0]) and (16:0/11:1[0]) indicates that PE-NMe2 (16:0/18:1) exists as a 
mixture of isomers of PE-NMe2 (16:0/18:1, f19,10) and (16:0/18:1, f111,12) . The 
peak at mlz 772.59 that could have provided evidence for the presence of PE-
NMe2 (18:0/18:1) had lower abundance and was buried in background signal in 
the spectrum shown in Figure 4.1 Ob; its signal intensity was not sufficient for an 
MS/MS experiment. It is significant that there were a few higher abundance 
peaks in the spectrum shown in Figure 4.1 Ob, such as m/z 818.58, 846.62, 
708.45 and 736.48. Their CID spectra showed a common neutral loss of 74 Da to 
yield fragments at mlz 744.55, 772.59, 634.41 and 662.44 respectively, which 
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would correspond to expected values for a series of the PE-NMe2 lipids and their 
oxidized products. After the initial neutral loss of 74 Da from the molecular ions, 
the tandem MS spectra matched well for each precursor/primary fragment ion 
pair (m/z 818.58/744.55, m/z 708.45/634.41, m/z 736.48/662.44). The MS/MS 
spectrum of m/z 846.62 indicated it was a mixture of PE-NMe2 (18:0/18:1) and 
(16:0/20:1) with an additional 74 Da (Figure 4.12c). Combined with the oxidative 
product data, it is likely that PE-NMe2 (18:0/18:1, ~9.10), (16:0/20:1, ~9,10) and 
(16:0/20:1, ~11,12) were present in the sample as natural or artifactual species 
containing glyceryl esters on the phosphate group. The neutral loss of 74 Da 
would correspond to elimination of (glycerol -H20) (C3H502). 
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Figure 4.12 CID spectra of precursor ions that represent potential PE-
NMe2 lipids collected after the bovine brain total lipid extract was separated 
by TLC and exposed to ambient air. They are assigned as (a) PE-NMe2 
(16:0/18:1), (b) PE-NMe2 (16:0/18:0), and (c) mixture of PE-NMe2 (16:0/20:1) and 
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PE-NMe2 (18:0/18:1) with the adduct of 74 Da. Structures of the CID fragments 
are shown in the structure list (Figure 4.14). 
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Figure 4.13 CID spectra of precursor ions that represent oxidation 
products of potential PE-NMe2 lipids collected after the bovine brain total 
lipid extract was separated by TLC and exposed to ambient air. Spectra 
were assigned as (a) PE-NMe2 (16:0/9:1 [0]) aldehyde, and (b) PE-NMe2 
(16:0/11 : 1 [0]) aldehyde. Structures of the CID fragments are shown in the 
structure list (Figure 4.14). 
It was notable that, at first, no oxidation products were observed for STs in 
the bovine brain total lipid extract by LESA-TLC-MS. However, when developed 
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TLC plates were exposed to ambient air and light over longer time (more than 3 
days), the corresponding aldehydes could be observed (data not shown). This 
observation might be explained by the presence of antioxidant components such 
as lipid-soluble vitamin E that coexists in the bovine brain. PEs that co-localized 
with STs on the TLC plate in this investigation showed phenomena similar to the 
STs, which supports the "position-related" protection theory. 
More effective TLC separation would provide a better opportunity for 
location of double bond positions on unsaturated lipids. Thus, 2-D TLC would be 
an ideal candidate to improve the separation of co-localized lipids. 
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Figure 4.14 Proposed structures of fragments observed in CID 
spectra shown in the supplementary materials. 
4.4 Summary and Conclusions 
The behaviors of various lipid classes were examined in this investigation. 
Surface oxidation under ambient air modified all categories of unsaturated lipids 
that were tested : fatty acids, GSLs, and phospholipids. The oxidation rates and 
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products were found to be dependent on the type(s) of double bond(s). If an 
allylic hydroxyl group is present, this double bond reacts more slowly than 
isolated double bonds. 
According to our study and the reports of others, 250• 257 surface oxidation in 
unsaturated lipids under ambient air occurs on a variety of surface materials. 
Moreover, we have found that the reaction rates differ, even for individual surface 
materials, based on their roughness. These data also indicate that, in addition to 
ozone oxidation, a second type of reaction occurs. We propose a mechanism 
involving singlet oxygen, which is widely considered as an oxidant for lipid 
oxidation both in vivo and in vitro. The singlet oxygen mechanism we propose 
here, when combined with the ozonolysis theory, can fully explain the 
phenomena observed in unsaturated lipids. 
Surface oxidation under ambient air provides an efficient, convenient and 
economical way to identify double bond positions in unsaturated lipids. Unlike 
OziD, which needs to generate ozone into the ion source or collision cell to 
accomplish oxidative cleavage,270• 271 surface oxidation does not require any 
special type of instrumentation to oxidize the unsaturated lipid . If the sample is 
reasonably pure, direct infusion, supplemented by surface exposure on 
aluminum foil under ambient air for one hour and liquid re-extraction, are 
sufficient to elucidate the double bond position(s) within fatty acyl chains. For 
analysis of complex biological samples, TLC-MS is able to separate complex 
samples and analyze the components and their oxidation products, even those 
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that are present at the same Rf value. In this investigation, LESA-TLC-ESI-MS 
was applied. TLC-MALDI-MS would also be a good candidate for such a study. 
Therefore, our method could be used widely, with almost any type of MS 
instrument, to identify the location of double bonds in unsaturated lipids. 
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Chapter 5 
Methodology Development and Analysis of Sulfatides from Human Milk 
5.1 Introduction 
Sulfatides (STs) that are the central focus of this study play essential roles 
in various biological processes and disease pathogenesis. Abnormal expression 
levels of STs are related to neurological symptoms: metachromatic 
leukodystrophy, 15 Alzheimer disease, 16 Parkinson disease.17 STs are also 
involved in pathogenesis of the immune system, the islet of Langerhans, kidney, 
hemostasis/thrombosis and cancer. 18 
Trimmed glycoprotein envelope complexes gp120-gp41 on HIV-1 interact 
with CD4 (the host cell's viral receptor), inducing conformational change in gp120 
and its subsequent interaction with a chemokine coreceptor: CXCR4 forT-cell-
tropic and CCR5 for macrophage-tropic. The interaction with a chemokine 
coreceptor promotes exposure of the viral gp41 and its subsequent insertion into 
the host cell membrane to allow entry of the virus. 18 The third variable region, the 
"V3 loop" of HIV-1 gp120, interacts with glycolipids including ST, GaiGer, LacCer, 
GM3 and GD3 but not with CD4. The role(s) of ST in HIV-1 infection can be 
considered to serve not only as secondary attachment site272 but also as a trans-
membrane signaling factor.273 ST shows the strongest binding activity to 
recombinant gp120 within the glycolipids investigated in Kensinger's research.274 
130 
ST may inhibit HIV-1 fusion into the host cell by its predominant binding to gp120 
and the resulting instability of the gp120-ST complex, and thus the ST-bound 
HIV-1 is not able to be delivered to CXCR4 to initiate the fusion process in CD4-
independent cells. 275 An anti-HIV reagent has been developed on the basis of 
ST's property for strong binding to HIV-1 .274 
Lipid extraction is one of the crucial stages in the successful analysis of 
lipodomes from biological samples. The methods developed for extraction of both 
neutral and polar lipids by Folch eta/. in 195769 and Bligh eta/. in 195971 are now 
widely used. It is usually followed by other specific separation methods to 
fractionate lipid extracts, to permit recovery of certain lipid classes before more 
detailed analysis. 
MS has played a leading role in lipid identification, characterization, and 
quantitation.276-279 Intact sulfated glycosphingolipid molecules can be analyzed by 
MS with direct inlet chemical ionization, laser desorption, plasma desorption, 
liquid secondary ionization and FAB.280-283 However, the sensitivity of these 
methods usually is not sufficient. ESI-MS provides superior sensitivity for lipid 
analyses and is widely employed forST research.284 
Breast milk is used worldwide for infant nutrition. When compared to 
artificially-fed infants, breast-fed infants are less prone to many diseases, 
including the enteric diseases. Components in human milk inhibit pathogen 
binding to host cell membrane receptors and reduce their consumption by 
infants.285 The lipid fraction extracted from normal human milk that has an Rf 
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value similar to that of ST standards after TLC separation shows strong anti-HIV 
activity. Herein, methodology is described for ESI-MS analysis of the 
components in the human milk lipid fraction that shows anti-HIV activity. An 
optimized ST extraction and a workflow have been designed to characterize the 
lipid components in the fraction. 
5.2 Materials and Methods 
5.2.1 Reagents 
The ST standards, d18:1/C24:1, d18:1/C24:0, d18:1/C12:0, and 3,6 di-
sulfo-d18:1/C12:0 STs were obtained from Avanti Polar Lipids, Inc. (Alabaster, 
AL). Ganglioside standard GD1 a, staining reagents primuline and orcinol were 
from Sigma Chemical Co. (St. Louis, MO). All the HPLC grade solvents were 
purchased from Merck (Darmstadt, Germany). 
5.2.2 Human Milk 
Use of human milk was approved by the Institutional Review Board of 
Massachusetts General Hospital. Human milk was collected with a breast pump 
from 40 healthy donors and stored at -20 °C. This pooled milk from donors at 
different stages of lactation was tested as representative of human milk. 
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5.2.3 Sulfatide Extraction 
Lipids extracts containing STs were prepared from lyophilized powder of 2 
L pooled human milk. As shown in Figure 5.1, the powder was reconstituted with 
750 ml distilled water. Methanol and chloroform were gradually added until the 
Folch lipid distribution of chloroform/methanol/water (8:4:3, v/v/v)69 was achieved , 
followed by liquid-liquid extraction of the organic phase with 90% 
methanol/hexane (1: 1, v/v). The lower phase was dried under gaseous nitrogen 
at 50 °C to the volume of 10 ml. The previously reported de-phosphorylation 
step286 has been modified in this investigation. Alkaline hydrolysis was performed 
in 300 ml 0.6 M NaOH (in methanol) solution for 1 hour at room temperature. To 
stop the reaction, 300 ml chloroform was added, and HCiaq was applied drop by 
drop to neutralize the solution. The Folch distribution was established by addition 
of 300 ml methanol and 900 ml of chloroform. The lower phase was collected 
and dried under N2. 
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Figure 5.1 Workflow diagram for sample preparation to purify the 
anti-HIV fraction from pooled normal human milk. The pooled human milk 
was lyophilized to milk powder and re-suspended with organic solvents and 
water to accomplish "Folch partition". De-phosphorylation and silicic acid column 
separation were also included in the sample preparation procedure. For more 
details, see "Materials and Methods". 
Silicic acid column chromatography was used to separate the crude 
glycolipids. The column was equilibrated and the sample re-suspended in 
chloroform was loaded to the column. The eluting solvents in order were: 
chloroform, acetone/methanol (8:1, v/v) and methanol. The expected classes for 
the eluted fractions were triglycerides, neutral sterols and fatty acids (Fraction 1), 
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glycolipids including STs (Fraction II), phospholipids (Fraction Ill). All fractions 
were dried by a rotary evaporator at 50 °C. 
5.2.4 HPTLC 
The composition of the extracted fractions was monitored by TLC. Silica 
gel 60 HPTLC on aluminum was purchased from EMD Chemicals Inc. 
(Gibbstown, NJ). ST standards and human milk lipid extracts were dissolved in 
chloroform/methanol (1: 1, v/v) and applied by means of a microliter syringe 
(Hamilton Co., Reno, NV) as 3 mm spots on the silica gel-coated plates. Plates 
were developed with the solvent system chloroform/methanol/0.2% CaCI2 
(55:45: 10, v/v/v). The plates were stained with either orcinol, which is specifically 
used to reveal glycolipids, or primuline, which is the common reagent to detect 
lipids. 
5.2.5 Inhibition of HIV Infection (Carried out by collaborator Dr. Monica 
Viveros-Rogel) 
Inhibition of HIV infection of human cells was tested for each separated 
human milk fraction of lipids. HIV-1 1118 and HIV-1 MN (T-Iymphotropic virus) 
were used to infect MT-2 cells (human T-cell line HTLV infected). HIV-1 ADA-M 
(macrophage-tropic virus) was used to infect human monocyte target cell lines 
THP-1 and U937. Serial concentrates of lipids extracted from human milk were 
incubated with each viral stock for 2 h at 37 oc followed by addition of the target 
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cell suspension. The mixture of virus, lipid fraction from human milk, and the 
target cells was incubated at 37 oc for another 2 h, followed by washing of the 
cells with phosphate buffered saline (PBS). Culture media were added 
afterwards. Culture supernant was collected at day-5 and -7 for the HIV 1118 and 
MN isolates, and at day-11 post-infection for ADA-M isolate, to quantify the level 
of HIV-1 P24 antigen by ELISA. The concentration of the P24 HIV-1 antigen was 
determined by the ELISA P24 capture assay (ELISA HIV-1 P24 capture assay, 
Perkin Elmer, Waltham, MA, USA). Significant inhibition of viral infectivity was 
defined as >80% reduction in P24 concentration relative to the control. 
5.2.6 Direct Infusion ESI-MS by Linear I on Trap (L TQ)-Orbitrap TM 
The ST candidate fraction and standards were dissolved in 
chloroform/methanol (1 : 1, v/v) with a concentration of 133 ng/IJL and 0.89 ng/IJL, 
respectively. Each direct introduction analysis was carried out by injecting 15 IJL 
of sample at an approximate flow rate of 370 nllmin with a NanoMate TriVersa 
robot (Advion, Ithaca, NY, USA) interfaced to the LTQ-OrbitrapTM XL mass 
spectrometer (Thermo Fisher Scientific, San Jose, CA, USA). The ESI-MS 
workflow was performed in negative-ion data-independent mode, automatically 
switching between MS, CID, and HCD. Detection of intact molecular ions in the 
Orbitrap was obtained with mass resolution 1 :30,000. Mass scale calibration was 
performed externally with L TQ-Orbitrap calibration mixes (CaiMix-negative) . The 
mass measurement accuracy was better than 5 ppm. The nano-electrospray 
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voltage was set to -1.7 kV. The LTQ was tuned to optimize the signal intensity of 
an ion at m/z 9aa. Target ion numbers for the L TQ and the Orbitrap full MS scans 
were 3 x 1 a4 and 5 x 1 as, respectively. For MS/MS measurements, target ion 
numbers for the L TQ and Orbitrap TM Fourier transform (FT) MS were 1 x 1 a4 and 
1 x 1 as, respectively. Two and forty spectra were averaged in one analytical FT 
full MS scan and MSn scan respectively. Forty spectra were averaged for one LIT 
full MS scan. The workflow is described in Figure 5.2. Under the designed 
workflow, one FT MS spectrum was collected to select the most abundant 
precursor ion, followed by applying CID and HCD as collision methods to the 
selected precursor ion. Both of the L TQ and the FT Orbitrap were used to 
analyze the fragment ions (if applicable) to achieve the best quality results. After 
one round of the workflow was finished, the analyzed precursor ion would be 
excluded and the workflow moved forward to analyze the next most abundant 
precursor ion. For CID experiments, the collision energy was set to 55; while for 
HCD fragmentations, the energy was set to 1 aa, based on tests of the ST 
standards. 
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Figure 5.2 Designed workflow for ESI tandem mass spectrometric 
analysis of the ST standards and the human milk Fraction II which 
potentially contains STs. The full FT MS scan was followed by three tandem 
MS scans of the same precursor ion selected as "the most abundant ion". The 
tandem MS scans included HCD FT MS, CID L TQ MS and CID FT MS. The 
combination of different techniques provided beneficial features, as described in 
the text. After one round of analysis, the workflow moved to "the next abundant 
ion" automatically. 
Acquisition was performed in full scan mode from mlz 500 to 1200, and 
precursor ions were separated into groups (m/z 500-600, 600-700, 700-800, 800-
900, 900-1000 and 1000-1200) due to the sample loading limitation. Data were 
collected and analyzed with Xcalibur software (Thermo Fisher Scientific, San 
Jose, CA, USA). 
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5.2.7 Direct-Sampling TLC-ESI-MS 
The CAMAG TLC-MS interface was coupled to the turbo-ESI ion source of 
the QSTAR Pulsar i quadrupole-orthogonal time-of-flight (TOF) MS (AB Sciex, 
Foster City, California, USA) in the negative-ion mode (Chapter 3). The solvent 
system isopropanol/chloroform/water (5:3:2, v/v/v) with 0.1% of ammonium 
hydroxide was continuously delivered by the System Gold 125 high performance 
liquid chromatographic pump (Beckman Coulter Inc., Fullerton, CA) at a constant 
flow rate of 0.07 mllmin. The source temperature was 400 oc and capillary 
voltage was maintained at -3.5 kV. CID was performed with nitrogen gas to 
achieve the fragmentation information of the compounds of interest. The collision 
energy was set to -50 to -90 V depending on the lipid structures. Usually, singly 
charged gangliosides and STs were analyzed using higher energy ( -90 V) than 
was required for dissociation of multiply charged gangliosides or singly charged 
phospholipids (-50 V). The ganglioside GD1 a standard was employed to calibrate 
the TOF analyzer in the MS/MS mode. After calibration, this mass spectrometer 
was capable of achieving better than 15 ppm mass accuracy in both MS and 
MS/MS modes. 
5.2.8 RP-UPLC ESI-MS 
The online UPLC/MS/MS analysis of the STs was described in Chapter 2. 
In the analyses described in this section, a nano-flow HPLC equipped with a 
trapping column was used to achieve better sensitivity, resolving power and to 
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enable use of a simpler desalting method. The Waters nanoACQUIW 
UltraPerformance® liquid chromatography (UPLC) system (Waters Corp., Milford, 
MA, USA) was coupled to a QSTAR Pulsar i quadrupole orthogonal TOF mass 
spectrometer (AB Sciex, Foster City, California, USA) by a TriVersa NanoMate 
system (Advion BioSciences, Inc., Ithaca, NY, USA) and operated in the 
negative-ion mode. The mobile phase was water (containing 200 mM ammonium 
formate) (A), and isopropyl alcohol/methanol (3:2, v/v) (B). Samples were 
trapped and desalted on a trapping column (5 IJm Symmetry® C18 180 1-1m x 20 
mm, Waters, Milford, MA, USA) for 1.5 min with 30% (B) at a flow rate of 12 
IJL/min. The trapping column was placed in line with a nanoACQUIW UPLC 
BEH C 18 analytical column ( 1. 7 -1-1m particle size, 150 IJm x 1 00 mm, Waters, 
Milford, MA, USA) which was maintained at 50 °C. After trapping, the sample was 
eluted into the mass spectrometer with B at a gradient from 30-100% at the flow 
rate of 0.5 IJL/min. Typically, 13.3 IJg of human milk fraction II sample in 1 IJL 
solution was applied each time. 
5.3 Results and Discussion 
5.3.1 !on-Suppression Test 
Studies have demonstrated that instrument performance during ESI-MS 
lipid analysis is concentration-related. lon suppression at a high concentration of 
lipid sample is largely due to the lipid-lipid interactions and/or aggregation that 
govern the effects of acyl chain length and unsaturation degree on ionization 
140 
efficiency.287• 288 A low concentration of lipid is desired for shotgun lipodomics, if 
the sensitivity of the instrument permits. At low concentration, the ionization 
efficiency of the lipid mixture only depends on the physical property that drives 
each lipid molecule to lose or obtain a charge. Therefore, a linear relationship 
between ion intensity and the lipid concentration of each class can be observed 
at low concentration. 289 ST standards (ST (d18:1/C24:0) and (d18:1/C24:1)) were 
mixed with a phospholipid (PE (16:0/18: 1)) standard to compare their ESI-MS 
signals to those obtained when each was sprayed alone. There was not a 
significant difference between the MS signal intensity of the ST standard alone 
and that of it in the mixture under the same concentration (single compound 
concentration: 500 fmoi/1-JL), either for ST (d18:1/C24:0) or ST (d18:1/C24:1) 
(Figure 5.3). Another approach to reduce ion suppression is to reduce the 
volume of sample injected, thereby reducing the amount of interfering 
compounds. It also has been shown that reducing the ESI flow rate to the 
nanoliter-per-minute range leads to reduced signal suppression due to 
generating smaller, more highly charged droplets that are more tolerant of 
nonvolatile salts.290 The NanoMate was applied in this research to achieve 
nanoESI. 
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Figure 5.3 Comparison of signal response for spraying ST standard 
alone and its signal when sprayed in the mixture with another ST and PE. 
For instance, 500 fmoi/1-JL ST (d18:1/C24:0) was analyzed by direct nanoESI-MS 
in negative-ion mode, showing average signal intensity out of triplicates of 2.9 x 
107. In comparison, when it was mixed with ST (d18:1/C24:0) and PE (16:0/18:1) , 
its average signal intensity out of triplicates was 2. 7 x 107. (Concentration of 
each compound was 500 fmoi/1-JL) Student t-test was carried out to calculate 
whether these two groups were statistically different. The results showed that the 
signal of ST when sprayed alone is not significantly different from the signa_! of 
the same ST when sprayed in the mixture. (p-value = 0.40) The situation was 
the same forST (d18:1/C24:1). 
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5.3.2 ESI Analysis by L TQ-Orbitrap TM MS 
Figure 5.4 illustrates the workflow for the standard mixture ST 
(d18:1/C24:0) and ST (d18:1/C24:1). Full scans with FT MS revealed ions of ST 
(d18:1/C24:0) at mlz 890.6 and ST (d18:1/C24:1) at mlz 888.6, followed by the 
selection of the most abundant ion at mlz 890.6 as the precursor ion (Figure 
5.4a). Figure 5.4b shows HCD FT MS spectrum of precursor ion at mlz 890.6. 
Ions at mlz 96.9603 and 241.0025 represent the head group of sulfated 
galactose. Ions at mlz 392.3897, 522.2742 and 652.4095 define the fatty acid 
chain and the sphingoid chain as shown in Figure 5.4e.284 Acquisition of a high-
quality HCD spectrum usually requires the presence of a precursor ion with 
significant intensity. The HCD spectrum shows detailed information in the low 
mass region, however, in the high mass region, the ions signals have rather low 
abundances. Therefore, CID in the linear ion trap needs to be used as a 
supplementary method to assist the assignment. Figure 5.4c indicates the CID 
spectrum of the same precursor ion m/z 890.6 acquired in the linear ion trap. 
Ions at mlz 392.4, 522.3 and 652.6 are abundant; therefore, the degree of 
unsaturation, carbon number of both the backbone and the fatty acyl chains of 
the Cer moiety can be determined. The linear ion trap provides higher sensitivity 
than the Orbitrap FT MS that is located further down the ion trajectory, after the 
L TQ. Because ions with m/z values below the cut-off value corresponding to qM 
=0.908 are ejected, the spectra lack the lower mass range information that 
mostly provides data on the head group fragmentation. As a result, it is 
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necessary to combine the FT HCD and IT CID to provide full structural 
assignments for the samples. CID fragments can also be detected by the 
Orbitrap FT MS (Figure 5.4d). With detection of CID by FT MS, the assignments 
for ions formed by IT CID can be confirmed. However, in the case of low 
abundance precursor ions, the signal-to-noise ratio for CID product ions is often 
low in the FT spectrum. Overall , one full MS scan, combined with three 
sequential tandem MS analyses on the same precursor ion by different 
techniques, is able to establish the identities of the STs in a standard mixture. 
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Figure 5.4 Full FT MS (a) and three tandem mass spectra including 
(b) HCD FT MS, (c) CID L TQ MS and (d) CID FT MS carried out by the 
designed workflow on the mixture of ST standards: ST (d18:1/C24:0) and 
ST (d18:1/C24:1) in negative-ion mode. (e) Structure and the assignment of 
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the fragments proposed for STs, as exemplified by ST (d18:1/C24:0). "•" 
represents the precursor ion m/z 890.6. 
The human milk fraction II, which had shown anti-HIV activity, was 
analyzed by the ESI-MS workflow established above. In common cases, 
biological extracts consist of highly complex mixtures. A total MS scan of the 
extracted lipids is shown in the negative-ion mode in Figure 5.5a. The extremely 
complex spectrum with a high density of peaks within the range m/z 600 - 1000 is 
presented. The mass window of mlz 770 to 1000 is amplified, since this is the 
region where STs are most likely to be detected. In addition to the labeled peaks, 
there are numerous hidden ones. Potential ST signals such as mlz 888.6255, 
890.6397, 860.5926, are shown. Because of the spectral complexity and limit for 
the amount of sample that may be loaded into the MS source (TriVersa 
NanoMate system); the analysis was divided into groups to screen every 100 Da 
from mlz 600- 1000, and from mlz 1000- 1200. The combination of techniques 
enabled the identification and characterization of 8 STs, 22 glycosylceramides, 
11 PEs, 56 PAs, 9 Pis, 40 PGs, and 12 DAGs (Table 5.1 ). Within the 158 
compounds, 5% are STs (Figure 5.5b). Since the Orbitrap FT MS offers high 
accuracy, it is reasonable to take advantage of this property to tentatively assign 
minor ST candidates, whereas the tandem MS measurements help to determine 
the detailed structure. The most abundant STs are ST (d18:1/C24:1) , 
(d18:1/C22:1) and (d18:1/C24:0), shown in Figure 5.5a. Interpretation of the 
results or the biological sample is quite complicated. Isomeric compounds with 
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different fatty acyl chains share the same precursor ion and are fragmented 
together, resulting in overlapping tandem MS spectra, for instance, PA 
(18:0/18:2) and PA (18:1/18:1) provide fatty acyl chain information m/z 283.26 
and 279.23 for the fatty acyloxy fragments 18:0 and 18:2, as well as the ion at 
mlz 281.25 for the 18:1 acyloxy fragment. Similarly, two sets of lyso-PA 
fragments were also found to be present in the same tandem MS spectrum: m/z 
437.27/419.26 (lyso-PA 18:0), 433.23/415.22 (lyso-PA 18:2), and 435.25/417.24 
(lyso-PA 18:1) (data not shown). Interpretation experience is needed to 
disentangle the complex fragmentation sets and assign the compounds. 
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Figure 5.5 (a) Representative full FT MS profiles of STs and other 
lipids and (b) lipid classes identified from human milk Fraction II. The 
experiment was carried out in the negative-ion mode. The amplified plot from 
mass range m/z 750 to 1000, which potentially includes signals of STs, is shown 
at the top of panel (a). In total, 158 compounds were characterized by the 
designed workflow and 5% of these could be assigned as STs, as indicated in 
panel (b). "*" represents the ST candidates. 
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Table 5.1 Compounds from the human milk fraction showing anti-HIV 
activity that were identified using the designed L TQ-Orbitrap MS workflow. 
Lipid class Obs. [M- H]" Calc. [M- H]" MS/MS Assignment 
mlz mlz 
Glycosyl- 750.5867 750.5890 Hex-Cer (d18:1/C16:1) 
ceramide 
806.5906 806.5919 Hex-Cer (d18:1/h20:0)+HCI 
816.6124 816.6126 Hex-Cer (d18:1/C20:1)+HCI 
818.6279 818.6283 Hex-Cer (d18:1/C22:0)+HCI 
826.6767 826.6778 Hex-Cer (d18:1/h24:0) 
832.6069 832.6075 Hex-Cer (d18:1/h22:1)+HCI 
834.6235 834.6232 Hex-Cer (d18:1/h22:0)+HCI 
842.6268 842.6282 Hex-Cer (d18:1/C24:2)+HCI 
844.6443 844.6439 Hex-Cer (d18:1/C24:1)+HCI 
846.6619 846.6596 Hex-Cer (d18:1/C24:0)+HCI 
848.6313 848.6753 Hex-Cer (d18:0/C24:0)+HCI 
860.6392 860.6388 Hex-Cer (d18:1/h24:1 )+HCI 
862.6558 862.6545 Hex-Cer (d18:1/h24:0)+HCI 
888.6724 888.6701 Hex-Cer (d18:0/h26:2)+HCI 
896.5853 896.5872 Hex-Hex-Cer (d18:1/C16:0)+HCI 
924.6196 924.6185 Hex-Hex-Cer (d18:1/C18:0)+HCI 
952.6503 952.6498 Hex-Hex-Cer (d18:1/C20:0)+HCI 
954.6649 954.6655 Hex-Hex-Cer (d18:0/C20:0)+HCI 
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Lipid class Obs. [M- H]" Calc. [M- H]" MS/MS Assignment 
mlz mlz 
978.6677 978.6654 Hex-Hex-Cer (d18:1/C22:1)+HCI 
980.6820 980.6811 Hex-Hex-Cer (d18:1/C22:0)+HCI 
994.6619 994.6603 Hex-Hex-Cer (d18:1/h22:1 )+HCI 
1008.7131 1008.7124 Hex-Hex-Cer (d18: 1/C24:0)+HCI 
PI 751.4421 751.4403 PI (16:0/12: 1) 
751.4421 751.4403 PI (16:1/12:0) 
835.4154 835.4170 PI (12:1/20:4)+HCI 
863.4481 863.4483 PI (14:1/20:4)+HCI 
897.5298 897.5266 PI (18:2/18:0)+HCI 
897.5298 897.5266 PI (18:1/18:1)+HCI 
917.6135 917.6125 PI (16:0/24:2) 
917.6135 917.6125 PI (18:0/22:2) 
959.6601 959.6594 PI (21 :0/22:2) 
PA 605.3827 605.3823 PA (12:0/h16:1) 
605.4541 605.4552 PA (0-16:0/14:0) 
643.4349 643.4344 PA (16:1/16:1) 
643.4349 643.4344 PA (14:2/18:0) 
643.4349 643.4344 PA (14:1/18:1) 
643.4349 643.4344 PA (14:0/18:2) 
653.3022 653.3002 PA (P-16:1/18:2) 
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Lipid class Obs. [M- H]" Calc. [M- H]" MS/MS Assignment 
mlz mlz 
653.3022 653.3002 PA (P-16:2/18:1) 
653.3022 653.3002 PA (P-14:3/20:0) 
657.4503 657.4501 PA (15:1/18:1) 
657.4866 657.4865 PA (P-16:0/18:1) 
659.4295 659.4293 PA (16:1/h16:1) 
659.5028 659.5021 PA (0-16:0/18:1) 
659.5028 659.5021 PA (P-16:0/18:2) 
669.4523 669.4501 PA (16:1/18:2) 
669.4523 669.4501 PA (16:2/18:1) 
671.4649 671.4657 PA (16:1/18:1) 
671.4649 671.4657 PA (16:0/18:2) 
673.4832 673.4814 PA (16:0/18:1) 
673.4832 673.4814 PA (16:1/18:0) 
683.4293 683.4292 PA (18:3/h16:1) 
683.5021 683.5021 PA (P-18:0/18:2) 
683.4293 683.4292 PA (18:2/h16:2) 
685.4450 685.4449 PA (18:2/h16:1) 
687.4607 687.4606 PA (18:1/h16: 1) 
697.4814 697.4813 PA (18:1/18:2) 
699.4970 699.4970 PA (18:0/18:2) 
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Lipid class Obs. [M- H]" Calc. [M- H]" MS/MS Assignment 
mlz mlz 
699.4970 699.4970 PA (18:1/18:1) 
701.4830 701.5127 PA (18:1/18:0) 
705.4177 705.4137 PA (0-16:0/22:6) 
705.4834 705.4865 PA (21 :6/h15:1) 
709.4437 709.4450 PA (20:4/h16:1) 
709.5137 709.5178 PA (0-16:0/22:4) 
711.4997 711.4969 PA (18:2/19:1) 
711.4997 711.4969 PA (18:1/19:2) 
713.5101 713.5126 PA (18:0/19:2) 
713.5101 713.5126 PA (18:1/19:1) 
713.5101 713.5126 PA (18:2/19:0) 
715.5270 715.5283 PA (18:0/19:1) 
715.5270 715.5283 PA (18:1/19:0) 
723.4678 723.4969 PA (18:1/20:3) 
723.4678 723.4969 PA (18:0/20:4) 
725.5127 725.5126 PA (18:0/20:3) 
725.5127 725.5126 PA (18:1/20:2) 
727.5261 727.5283 PA (18:0/20:2) 
727.5261 727.5283 PA (20:0/18:2) 
737.5158 737.5127 PA (20:4/19:0) 
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Lipid class Obs. [M- H]" Calc. [M- H]" MS/MS Assignment 
mlz m/z 
737.5491 737.5491 PA (0-18:0/22:4) 
739.4338 739.4344 PA (22:4/22:6) 
751.5221 751.5283 PA (18:0/22:4) 
809.6014 809.6066 PA (18:0/26:3) 
809.6014 809.6066 PA (18:2/26:1) 
813.6321 813.6379 PA (18:0/26:1) 
813.6321 813.6379 PA (18:1/26:0) 
849.6145 849.6146 PA (18:0/26:1)+HCI 
849.6145 849.6146 PA (18:1/26:0)+HCI 
PE 734.4511 734.4533 PE (16:0/17:3)+HCI 
734.4511 734.4533 PE (17:0/16:3)+HCI 
734.4511 734.4533 PE (16:2/17:1)+HCI 
734.4511 734.4533 PE (16:1/17:2)+HCI 
740.5226 740.5236 PE (18:1/18:2) 
762.5256 762.5210 PE (P-18:0/18:2)+HCI 
762.5256 762.5210 PE (0-16:0/20:3)+HCI 
762.5056 762.5079 PE (18:2/20:4) 
762.5056 762.5079 PE (18:1/20:5) 
764.5228 764.5236 PE (18:2/20:3) 
764.5228 764.5236 PE (18:1/20:4) 
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Lipid class Obs. [M- H]" Calc. [M- H]" MS/MS Assignment 
mlz mlz 
PG 705.5077 705.5076 PG (0-16:0/16:1) 
705.5077 705.5076 PG (P-18:0/14:0) 
713.4401 713.4398 PG (18:1/14:3) 
713.4401 713.4398 PG (18:2/14:2) 
713.4401 713.4398 PG (18:0/14:4) 
715.4570 715.4555 PG (18:1/14:2) 
715.4570 715.4555 PG (18:2/14:1) 
715.4570 715.4555 PG (18:0/14:3) 
717.4747 717.4712 PG (18:1/14:1) 
717.4747 717.4712 PG (14:0/18:2) 
717.4747 717.4712 PG (12:0/20:2)) 
719.4865 719.4869 PG (16:1/16:0) 
719.4865 719.4869 PG (18:1/14:0) 
719.4865 719.4869 PG (18:0/14:1) 
721.4840 721.4802 PG (16:0/h15:1) 
721 .5400 721.5389 PG (0-16:0/17:0) 
729.4816 729.5076 PG (P-18:0/16:2) 
729.4816 729.5076 PG (0-18:0/16:1) 
729.4816 729.5076 PG (0-16:0/18:1) 
729.4816 729.5076 PG (P-16:0/18:2) 
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Lipid class Obs. [M- H]" Calc. [M- H]" MS/MS Assignment 
m/z mlz 
731.5243 731.5233 PG (P-18:0/16:1) 
731.5243 731.5233 PG (0-18:0/16:2) 
731.5243 731.5233 PG (0-16:0/18:2) 
731.5243 731 .5233 PG (P-16:0/18:1) 
733.4656 733.4661 PG (16:0/h16:1) 
733.4656 733.4661 PG (18:1/h14:0) 
733.5056 733.5025 PG (O-h18:0/15:2) 
733.4656 733.4661 PG (18:0/h14:1) 
745.5011 745.5025 PG (18:0/16:2) 
745.5011 745.5025 PG (16:0/18:2) 
745.5011 745.5025 PG (16:1/18:1) 
749.5318 749.5338 PG (16:0/18:0) 
749.5318 749.5338 PG (12:0/22:0) 
749.5318 749.5338 PG (14:0/20:0) 
749.4938 749.4974 PG (17:0/h16:1) 
749.4938 749.4974 PG (18:0/h15:1) 
759.4838 759.4817 PG (18:2/h16:1) 
763.5120 763.5131 PG (18:0/h16:1) 
795.5173 795.5182 PG (16:0/22:5) 
795.5173 795.5182 PG (18:0/20:5) 
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Lipid class Obs. [M- Hr Calc. [M- Hr MS/MS Assignment 
mlz mlz 
DAG 621.5460 621.5464 DG (18:0/18:1/0:0) 
623.4673 623.4681 DG (h14:1/22:7/0:0) 
623.4673 623.4681 DG (h14:2/22:6/0:0) 
625.4838 625.4838 DG (15:1/22:5/0:0) 
625.4838 625.4838 DG (17:1/20:5/0:0) 
639.4981 639.4994 DG (16:0/22:6/0:0) 
639.4981 639.4994 DG (16:1/22:5/0:0) 
639.4981 639.4994 DG (18:1/20:5/0:0) 
639.4981 639.4994 DG (18:2/20:4/0:0) 
641.5154 641.5151 DG (16:1/22:4/0:0) 
641.5154 641.5151 DG (18:1/20:4/0:0) 
643.5325 643.5307 DG (16:0/22:4/0:0) 
ST 794.5108 794.5094 ST (d18:1/h16:0) 
804.5307 804.5301 ST (d18:1/C18:1) 
860.5926 860.5927 ST (d18:1/C22:1) 
886.6096 886.6083 ST (d18:1/C24:2) 
888.6255 888.6240 ST (d18:1/C24:1) 
890.6397 890.6397 ST (d18:1/C24:0) 
904.6208 904.6189 ST (d18:1/h24:1) 
906.6363 906.6346 ST (d18:1/h24:0) 
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All assignments follow the tables provided by LIPID MAPS Consortium. 
(www.lipidmaps.org) 
5.3.1 Chromatography coupled MS 
Direct sampling TLC-MS 
Our direct sampling TLC-MS method for analyzing GSLs by CAMAG TLC-
MS interface was introduced in Chapter 3. Coupling TLC with TLC-MS interfaces 
and an ESI-MS instrument allows the recording of high resolution , sensitivity and 
mass accuracy of spectra of acidic GSLs. Due to the complexity of the human 
milk Fraction II, a TLC developing condition aimed at the separation of acidic 
GSLs was applied. ST standards with various fatty acyl chain lengths and head 
group polarities were resolved after a separation that was mainly based on their 
polarity (Figure 5.6a). The shorter the fatty acyl chain on the ST, the closer it 
follows the solvent front. Meanwhile, the STs containing a higher polarity head 
group - in this case, more sulfate groups on the sugar results in the higher 
polarity of STs - stays closer to the starting line. There was no separation 
between the sulfatides with a difference of only one double bond in the degree of 
fatty acyl unsaturation, such as ST (d18:1/C24:0) and ST (d18:1/C24:1). Orcinol 
staining indicated the location of the glycolipids. With the direct sampling TLC-
MS, both MS and MS2 spectra could be collected. As discussed in Chapter 3, a 
detection limit of 10 pmol was reached forST (d18:1/C24:1). 
As shown in Figure 5.6a, with loading of 100 J..lg Fraction II and orcinol 
staining, three bands were observed after TLC separation. One of the bands 
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showed an Rf value similar to the C24 ST standards. Upon sampling from the 
potential ST band, two STs were confirmed by TLC-MS/MS (Figure 5.6b). 
According to the tandem MS data, the signals at mlz 888.63 and 890.64 
correspond to ST (d18:1/C24:1) and (d18:1/C24:0), respectively (Data not 
shown). The upper bands on the TLC plate represent to glycosylceramides with 
various Cer structures or head groups (data not shown). Scanning from the 
solvent front to the starting line, no other glycolipids were detected by TLC-MS. 
The sample loss is a concern for all of the direct sampling TLC-MS methods, 
since the sample is embedded in the TLC gel before it is eluted. Our experience 
indicates that specific solvents or solvent mixtures are needed to meet the 
requirements of both the elution and spray conditions. As a result, when a conflict 
emerges between these conditions, some trade-off must be considered. 
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Figure 5.6 TLC image of the human milk Fraction II and direct 
sampling TLC-MS of the ST candidate spot from TLC plate. (a) TLC 
separation of ST standards (SO, left), human milk Fraction II (right). For more 
details, see "Materials and Methods". (b) Full MS spectrum of the potential ST 
spot. Direct sampling TLC-MS was operated in negative-ion mode. 
On-line reversed phase (RP)-UPLC MS 
On-line UPLC-MS provides separation of the complex lipid mixtures 
immediately prior to introduction of the samples into the mass spectrometer ion 
source and thereby both reduces suppression of the signals from the less-
efficiently ionized components and minimizes sample losses due to surface 
deposition during handling. As a result, it is commonly utilized for the reliable 
analysis of the biological samples. It also allows rapid characterization of the 
compounds on the basis of retention time, measured molecular weight and 
tandem MS fragmentation. RP UPLC has been used to separate GSLs based on 
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their sugar chain lengths and their lipid chain differences. 99· 291 An on-line RP 
HPLC-MS method has been described to separate and characterize polar lipids, 
especially for GSLs. Herein, the method has been slightly modified and applied 
onto an UPLC system. With this method, ST standards are well resolved and 
elute as narrow, sharp chromatographic peaks. Figure 5. 7 shows chromatogram 
of STs identified from human milk Fraction II by this method. CID information was 
acquired to confirm the assignments (data not shown). When the RP UPLC-MS 
method was employed, three STs: ST (d18:1/C24:1), (d18:1/C24:0) and 
(d18:1/h24:1) were identified. Consistent with the other methods, ST 
(d18:1/C24:1) generated the most abundant signal among the STs. The 
combination of the UPLC separation and the information dependent acquisition 
software enables the distinction among STs based on the degree of 
unsaturation, chain length and hydroxylation condition. 
d18:1/C24:1 ST 
d18:1/C24:0 ST 
d18:1/~~4:1 ST 
0 5 1 0 15 20 25 30 35 40 
Retention time (min) 
Figure 5.7 Overlaid single-ion chromatograms showing the 
separation of the human milk Fraction II. The human milk Fraction II was 
analyzed by RP UPLC-MS in negative-ion mode. 
160 
Chromatography is an efficient approach that removes other lipids such as 
phospholipids from the complex mixture. TLC-MS with CAMAG interface was 
used to characterize two STs and online UPLC-MS helped us determine the 
MS/MS spectra of three STs from the human milk fraction II. The solvent 
selection in TLC-MS was found to be critical, because it needs to meet the 
requirements of both extraction and spray conditions. Since the exact masses of 
GSLs with sulfate or phosphate groups are very close, it was impossible to 
isolate precursor ions having a single composition, but diagnostic product ions 
were present in the MS2 spectra. By taking advantage of the high mass accuracy 
of FT MS, we were able to distinguish fragments bearing sulfate (HS04-, m/z 
96.9601 and so3·-, m/z 79.9574) from those that contained phosphate groups 
(with signature product ions at mlz 78.9590 (P03-), 96.9696 (H2P04-), and 
152.9963 (glycerophospholipid) in their tandem mass spectra). Our optimized 
GSL extraction method reduced the content of phospholipids and facilitated 
observation of the sulfated GSLs. The de-phosphorylation step removed a 
significant portion of the phospholipids present in the human milk Fraction II. 
After de-phosphorylation, the amount of remaining phospholipids was below the 
limit for detection of our TLC-MS method. 
With this method, 20 STs were identified and eight could be characterized 
by CID to obtain their structural information. Chromatographic approaches 
coupled to MS are usually considered likely to identify more compounds than 
direct infusion, because the latter may suffer from ion suppression. However, 
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application of prior offline separations, followed by use of the proper 
concentration and instrumentation can help to overcome this potential difficulty. 
Meanwhile, the necessity for additional processing steps (TLC or column 
separation by UPLC) decreases the sensitivity of the detection. In our 
experiment, the sensitivity was found to be comparable for all of the methods. 
For an extremely complex mixture like the human milk ST fraction II in this 
research, in which each compound's quantity is very limited, we believe that 
direct infusion is preferable to the online methods with coupled chromatography. 
5.4 Summary and Conclusions 
The modified ST extraction method and designed workflow using nano 
ESI in combination with tandem MS methods and detection in the L TQ-
Orbitrap ™ XL mass spectrometer provided information for identification and 
comprehensive structural characterization of STs. STs with various fatty acyl 
chain lengths, degrees of unsaturation and hydroxylation conditions were 
substantially distinguished based on their tandem MS information from both CID 
and HCD. Due to the complexity of the sample, the ions are of low abundance 
and complete structural identification requires sustained signal averaging. CID 
spectra from the L TQ provide more comprehensive information regarding the 
identity of the ceramide moiety. The diagnostic ions such as m/z 96.9601 and 
241.0025 for sulfate and sulfated hexose were detected by HCD FT, but were 
absent from thr L TQ spectra because of the low-mass cutoff of the IT. In addition 
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to the 20 STs found by the designed workflow, more than 100 other lipids were 
discovered in the human milk fraction that showed anti-HIV activity. Compared to 
the online methods with coupled chromatography, direct nanoESI infusion was 
preferable for this extremely complex biological sample. This simple, high 
sensitivity, fast and high throughput workflow based on one instrument, the L TQ-
Orbitrap TM XL mass spectrometer, has potential use for determinations of other 
complex biological samples in fields of clinical analysis, pharmaceuticals and 
basic research. The results of the current study set the stage for the synthesis of 
the identified STs and investigation of their potential activities against HIV. 
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Chapter 6 
Conclusions and Future Perspectives 
6.1 Conclusions 
Lipodomics is a growing field. Lipids, especially polar lipids, owning to 
extreme structural diversity by nature, participate in essential biological 
processes such as energy homeostasis, membrane structure and dynamics, and 
signaling. Drugs that target lipid metabolic and signaling pathways are attractive 
targets for investigation. This dissertation introduced the basic concepts behind 
biochemical mass spectrometry-based lipidomics for polar lipids, described 
analytical approaches developed for separation and structural characterization of 
the polar lipids, and discussed how these methods are being integrated with 
complementary techniques, and are being applied to practical biological 
research. 
Polar lipids such as glycosphingolipids and phospholipids are involved in 
many essential biological processes. Our current study includes the as-yet-
undefined role(s) of polar lipids in the brains of mouse models for prion disease. 
Biological lipid extraction is complex, necessitating high-resolution liquid 
chromatography coupled to mass spectrometry to identify as many species as 
possible. Here we report development of a sensitive, fast and efficient one-run 
method based on a gradient reversed phase HPLC separation coupled to 
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tandem mass spectrometric analysis with an ESI QSTAR Pulsar i quadrupole 
orthogonal TOF mass spectrometer. We applied this on-line polar lipid analysis 
system to both glyco- and phospholipid standards and biological samples. Highly 
resolved MS and tandem MS spectra were generated to characterize the 
compounds. This method is universal for a wide category of polar lipids. Using 
the method, we have determined that the lipid fractions tightly associated with the 
brain prion protein contain many glycosphingolipids. 
TLC is a widely employed and convenient technique for separation and 
characterization of glycosphingolipids. When TLC is directly coupled to mass 
spectrometry, it provides both molecular mass and structural information without 
extensive purification. Here, the structural analyses of acidic glycosphingolipids 
including gangliosides and sulfatides were investigated using the LESA TM and 
CAMAG TLC-MS interfaces coupled to an ESI QSTAR Pulsar i quadrupole 
orthogonal TOF mass spectrometer after development of the TLC plates. 
Coupling TLC with TLC-MS interfaces and an ESI-MS instrument allows 
acquisition of high resolution, high sensitivity, high mass accuracy spectra of 
acidic GSLs, without the sialic acid loss that occurs under typical MALDI-MS 
conditions. These systems were then applied to the analysis of total lipid extracts 
from bovine brain. This allowed profiling of many different lipid classes, not only 
as ganglioides and STs, but also as SMs, neutral GSLs, and Pls. 
A simple and fast approach, based on the LESA TLC-ESI-MS method, 
has been established to elucidate carbon-carbon double bond positions in 
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different types of unsaturated lipids. Lipids were deposited onto various surfaces 
and the products resulting from their oxidation in normal ambient air were 
observed by unmodified ESI-MS. The most common oxidative products, 
aldehydes, were detected at the cleaved double bond position within the 
unsaturated samples. Ozonides and carboxylic acids were also generated at the 
double bond position in certain types of lipids. The appearance of these products 
indicates that the surface oxidation of lipids is dependent on light and ambient 
air. Since the reaction rate of lipid oxidation was slower in the presence of a high 
concentration of ozone, we considered that singlet oxygen is another parallel 
oxidant that can carry out the oxidation of unsaturated lipids. The 3-hydroxyl 
group in the sphingoid base of sulfatides offers some protection from the 
oxidation of the neighboring 4,5-carbon-carbon double bond, slowing its oxidation 
rate as compared to that of the isolated double bond in the N-linked fatty acyl 
chain. Direct sampling by TLC-ESI-MS provides a powerful approach to elucidate 
the detailed structural information of biological samples. Co-localization of the 
original unsaturated lipids and their oxidation products, e.g., aldehydes, after TLC 
separation allows the identification of the original double bond position within a 
single measurement. For the bovine brain total lipid extract analyzed in this 
investigation, it was possible to distinguish the isomers of phosphatidylserines 
and N,N-dimethyl phosphatidylethanolamines based on their double bond 
positions. 
166 
Glycoconjugates and oligosaccharides, molecules containing specific 
carbohydrate structures, constitute a major class of milk components and have 
shown the potential to inhibit pathogens. Recent discoveries have linked STs to a 
role in fighting HIV. Here we introduce and compare the approaches we 
developed to identify STs and characterize their structures by nanoESI direct 
infusion, as well as the chromatography-coupled MS methods developed in this 
study, CAMAG TLC-ESI-MS, and RP UPLC-MS. For an extremely complex 
mixture like the human milk ST fraction, in which each compound's quantity is 
very limited, the results indicated that our direct infusion nanoESI method shows 
advantages over use of online LC-MS. 
In conclusion, the methods and applications described in this thesis 
expand the range of approaches available to support lipidomic research. 
Development of these integrated tools promises to extended understanding of 
the diverse roles of polar lipids. 
6.2 Future Perspectives 
Future work will focus on application of the methods developed in this 
study for analysis of samples derived from other biological systems, research on 
the polar lipids identified using these approaches in vitro and in vivo, and 
introduction of novel MS techniques to the lipidomics community. 
Direct nanoESI infusion was compared to the methods for coupling MS 
directly to chromatography, and was shown to be preferable for the most 
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complex biological samples. In cases where there are limited amounts of each 
component of the sample, direct nanoESI infusion MS after off-line fractionation 
provides time for extended accumulation of signal, enabling observation of more 
compounds. However, regarding specific samples that are rich in certain 
analytes, integration of MS and chromatography would be a better choice. If the 
samples are highly heterogeneous, coupling of 2D-TLC292 and 2D-HPLC103 
separations with MS may be considered to provide better signals. Manually 
scanning of the large area of a 20-TLC plate by semi-automatic TLC-MS 
interface would not be cost or labor-efficient. In this situation, the LESA ™ TLC-
MS interface would be the preferred choice, due to its automated features for 
programing and data acquisition. 
The simple and rapid method developed in this study to localize the 
double bond position(s) on unsaturated lipids can be further optimized in the 
future. Since the mechanism of the surface oxidation is believed to be carried out 
by singlet oxygen and ozone, some oxidation reagents can be considered to 
facilitate or accelerate the reaction . For instance, hydrogen peroxide (H20 2) is a 
commonly known oxidant. In acidic solutions H202 is one of the most powerful 
oxidizers and through catalysis, H202 can be converted into free radicals such as 
hydroxyl radical and peroxide radical.293 In addition, reaction of H202 with 
hypochlorite can also generate singlet oxygen.294· 295 Thus, H202 seems a perfect 
candidate for improvement of the project protocols. It can either be added into 
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the unsaturated lipid solution or sprayed onto the TLC plate to assist the 
oxidation. 
Without any doubt, the latest MS technologies will facilitate the ongoing 
lipidomic research. lon mobility that combines information of molecular shape as 
well as the m/z value has not yet been extensively or thoroughly investigated for 
lipid analysis. Studies have demonstrated that the double bond configuration of 
the fatty acyl chains determines the conformation of the lipids in bilayers, and 
meanwhile, this structural property may also be used as a feature to differentiate 
the lipids in the drift tube. The variety of the head group geometry and the stereo-
conformation of the polar lipids may affect the ion mobility. Thus, it is conceivable 
that ion mobility-MS will provide valuable information that is novel to the field. 
EXD tandem MS including ECD, ETD, and EID have recently attracted 
more and more interest in proteomics and carbohydrate research to analyze 
protein post-translational modification sites296-298 and the detailed structures of 
sugars._ENREF_299 Our understanding of the dissociation mechanisms of ionized 
lipids upon these EXD tandem MS techniques or CID is still incomplete. In 
addition, the thorough determination of the molecular structure of many natural 
lipids is still not successful, without large amounts of sample and multiple-stage 
fractionation. Therefore, new and innovative MS and MS/MS methods adapting 
these EXD techniques for comprehensive structural analysis are required. 
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Full understanding of nature's requirement for the large diversity of lipids 
will be achieved as our research on lipidomics grows in depth and our knowledge 
increases. 
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